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JOHN BELLING 

John Belling, was born in Aldershot, England, October 7, 1866. He was 
educated in private and public schools, spending two years at the University 
of Birmingham and receiving the degree of B.Sc. at the University of London 
in 1894. After teaching in the lower schools he was research lecturer at the 
Horticultural College at Swanley, 1895-98, and for the succeeding 
three years, teacher of science at Wells, England, and Llandidloes, Wales. 

In 1901 he was sent to the Island of St. Christopher in the West Indian 
service of the Imperial Department of Agriculture. He remained in that 
service until 1907 when he visited Florida and joined the Staff of the State 
Agricultural Experiment Station. After one year he became Assistant 
Botanist in the Experiment Station and Editor of the station publications and 
remained in this post eight years. 

Belling’s first scientific contribution dealt with the cytology of poly- 
embryony in the mango, Magnifera Indica, published in 1908. Two years later 
he began his classical studies on the genetics of certain interspecific hybrids 
in the genus Stizolobium, which led to several discoveries of fundamental im¬ 
portance, particularly on the mode of inheritance of semisterility, which later 
found its cytogenetic explanation in his hypothesis of segmental interchange 
between chromosomes. 

During the next five years Belling was not officially connected with any 
institution but, in the latter part of this period, he became associated with 
Dr. a, F. Blakeslee at the Station for Experimental Evolution of the 
Carnegie Institution of Washington at Cold Spring Harbor, N. Y. From 
the first he devoted himself to the cytological aspects of the Datura investiga¬ 
tions and in 1924 he was appointed Cytologist in the Carnegie Institution 
which position he held until his death February 28,1933. 

It was at Cold Spring Harbor that he began his intensive study of chromo¬ 
somes and their behavior which was continued throughout the rest of his life 
and which entitle him to be known as pioneer in cell mechanics. For Belling 
was the first, at least among botanists, to utilize both the genetic and the 
cytologic viewpoints in attempting to analyze the results of breeding experi¬ 
ments. He had unusual mathematical ability and a grasp of chemistry and 
physics which he applied in perfecting the technic necessary to success. His 
thorough understanding of optics is shown by his book on the microscope. 
His contributions to stain technology are of first rate importance. He de¬ 
veloped the aceto-carmine method of staining by the addition of iron which 
made it possible to observe the chromosomes in stages of meiosis with greater 
facility and accuracy. 

Belling studied these phenomena in several plant species including CanwG, 
Cypripediuntf HemerocalliSf HyacinthuSy Uvularia and Tulipa; and in the 
Datura investigations which were one of his chief interests during this period 
be gave the final answer to many probleitr ""^hich the breeding behavior had 



raised and predicted genetic results from his observations of the chromosomes. 
His basal contribution, from which other hypotheses such as segmental inter¬ 
change were developed, was his idea that the arrangement of chromosomes in 
pairs in the first meiotic division is due to the organization within the in¬ 
dividual members of a pair such that like ends are attached in this stage. By 
identifying specific ends of chromosomes in groups of more than two he dis¬ 
covered evidence for the specificity of the extra chromosome in trisomics at a 
time when it was believed by some investigators that the extra chromosome 
is a characteristic rather than a cause of trisomic types and that it is a matter 
of no consequence which chromosome is extra. His influence in changing 
cytogenetic concepts can be further realized when it is remembered that until 
very recently it was held that the attachment of chromosomes into circles, 
so common in some species of Oenothera and so frequent in Pisum and Zea, is 
due to a general affinity between maternal and paternal chromosomes or that 
circle formation is a genetic character inherited like any other genetic char¬ 
acter due to a gene. 

As he had suffered from ill health for several years, in 1927 it was arranged 
that Belling should go to California. At that time The Division of Plant 
Biology of the Carnegie Institution of Washington at Stanford Uni¬ 
versity had not been established; so accommodations were provided by the 
Division of Genetics of the University of California. At Berkeley he con¬ 
tinued his work for the remainder of his life, holding the position of Research 
Associate in Genetics in the University without salary and continuing as 
Cytologist in the Carnegie Institution. Under these conditions he was able 
to renew his investigations with fresh vigor. Many different projects were 
planned and a surprising number were brought to completion within a com¬ 
paratively short time. His first major undertaking was the study of the finer 
structure of the chromosomes. After much effort he was able to estimate the 
number of chromomeres in the pollen mother-cells of a lily and he showed that 
this number, about 2,200 pairs, agrees with expectations from genetic evi¬ 
dence, since the orientation and behavior of the chromomeres during cell di¬ 
vision are such as would be expected if the chromomeres contain the genes. 
Then, by a special technic he demonstrated the existence of an ultra-micro¬ 
scopic particle near the center of each chromomere which he believed could 
be identified as the gene. Thus he anticipated, by his painstaking and critical 
research on normal chromosomes in plants, the important discoveries of 
structure and organization of chromosomes which have come recently from 
investigations on the salivary glands of certain insects. It was in connection 
with these studies that he perfected the iron-brazilin method of staining 
which he found more satisfactory for some materials and for certain purposes 
than the iron-aceto-carmine method. 

During the last three years of his life, Belling concentrated his efforts with 
unabated enthusiasm and increasing clarity of penetration on a problem of 
major importance to genetics, viz., the nature of the mechanism of crossing 
over or interchange of segments between chromosomes. Two days before his 
death in 1933 he brought to completion the manuscript of his final paper in a 
series of valuable contributions on this complex problem. This paper {Genetics^ 



18:388-413,1933) presents the evidence for his hypothesis and its application 
to cogent genetic data. In order to convey more clearly his conception of the 
mechanism of crossing over and other chromosomal rearrangements, he pre¬ 
pared a series of models which were exhibited by the Carnegie Institution in 
Washington and New Orleans in 1931-32 and some of them were shown at the 
Sixth International Congress of Genetics in 1932. 

It was only by combining unusual skill in technic and observation, rare 
ability in formulating hypotheses with a strong factual foundation, and a 
dogged determination to succeed in spite of all obstacles, including his own 
physical frailty, that John Belling was able to win the place of honor he de¬ 
serves in the early development of the new science of cytogenetics. Always 
timid and retiring he preferred to work in obscurity, and indeed the only 
public recognition he received was the honorary degree of Sc.D., awarded by 
the University of Maine in 1922. Yet to a few who came to know him inti¬ 
mately, either by personal contact or through his published poems, Belling 
revealed an unsuspected philosophical insight and a truly artistic tempera¬ 
ment. Rather late in life he married Dr. Hannah Sewall, a woman of cul¬ 
ture and refinement. The short span, some five or six years, before her death 
seems to have been a period of great spiritual uplift for him. Some of his 
poems, particularly the ‘^Elegy,’' reveal how deeply the artistic side of his 
nature was influenced by this all too brief companionship. 

In his own laboratory Belling was always at home and ready for visitors. 
To students especially he gave a cordial welcome and a sympathetic hearing. 
Impatient of mere conjecture without factual basis, he was extremely care¬ 
ful in his own writing and he set a standard of excellence in this, as in all his 
work, which may well serve as a guide and inspiration for others. 

This biographical sketch was prepared by Professor E. B. Babcock in collaboration with 
Dr. .\. V. Blakeslee who a so furnished the photograph for the frontispiece. 



GENETICS 

1916-1936 

W ITH this issue Genetics enters its twenty-first 
year. From its inception it has been conducted 
by the Editorial Board of ten members which founded 
it, and by two editors who have served it for periods of 
ten years each. To the first editor Professor George H. 
Shull and to the retiring editor Doctor Donald F. 
Jones, the Board and all students of Genetics owe a 
great debt of gratitude for their effective and unselfish 
services. 

Genetics is owned by its Editorial Board, a self 
perpetuating body which participates actively in publi¬ 
cation and management of the Journal. The original 
board has recently enlarged itself by the election of five 
new members, Leon J. Cole, John W. Gowen, Alfred 
H. Sturtevant, Sewall Wright, and L. C. Dunn. The last 
named assumes the editorship with this issue. On the 
occasion of its twenty-first birthday Genetics welcomes 
the new members to its Editorial Board. 



INHERITANCE AS IT AFFECTS SURVIVAL OF RATS 
FED A DIET DEFICIENT IN VITAMIN D 


JOHN W. GOWEN 

Rockefeller Instiltile for Medical Research, Princeton, New Jersey 
Received August 17, 1935 

T hose familiar with experiments on diets realize that within a group 
of animals given the same food in like quantity, the reactions of indi¬ 
viduals may be quite diverse. On another diet a similar group may show 
similar individuality but the curve of such variation may be distinctly 
separate from that of the first group. Experimentation in nutrition has at¬ 
tempted to eliminate individual variation in the animals and to emphasize 
the differences between given diets. In the light of the objectives sought, 
this attitude is commendable. Individual variation within experiments, 
however, seems to have a significance not to be overlooked. Individuality 
as a cause of variability has the same primary importance with respect to 
the characteristic pathology which animals develop under experimental 
dietary conditions as under those of nature. The food requirements of even 
closely related genera may often be quite distinct. From the point of view 
of evolution, this seems significant since the causes of such differences in 
food requirements are fundamental to the correlation between the spread 
of animals and their subsequent development. 

For the study of diverse individual variations which animals may 
show toward a given diet, vitamin D was chosen as the major variable in 
our experiments. This nutrient principle is apparently a single chemical 
entity necessary for normal body development and maintenance of many 
vertebrates. The symptoms which develop in the absence of it‘depend 
somewhat upon the age of the animal. A lack of it in the young, when 
bones are developing actively, may lead to rickets and osteoporosis, due 
to improper deposition or actual extraction of calcium from growing 
skeletal structures. Growth is impaired or stopped; teeth are poorly calci¬ 
fied and often pitted. A deficiency at puberty may be correlated with 
crippling and painful changes which often lead to difficulties in repro¬ 
duction. Such conditions are more striking in females than in males. In the 
pregnant mother, excessive fetal demands for calcium and phosphorus 
may induce symptoms of osteomalacia. Later, the nursing mother often 
shows somewhat the same pathological conditions due to similar demands 
in the production of milk. In middle-life, osteomalacia sometimes develops 
if the diet is sufficiently inferior, although the changes tend to appear less 
rapidly than in the young. Birds show particularly severe symptoms in 
the form of leg-weakness which may be rapidly fatal in the young chick. 
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2 JOHN W. GOWEN 

Tetany often follows long-continued deprivation in some cases. Deficiency 
is also accompanied by reduction and degeneration of the spleen, deposi¬ 
tion of calcium in the walls of arteries, a reduction of blood-clotting time, 
hemorrhage and striking change in the parathyroids. An increase in the 
size and number of epithelial cells of the parathyroids is followed by 
shrinkage and regression of the cell cords and, in some cases, a hyperplasia 
of the stroma. Marked keratinization then takes place. The antirachitic 
principle may be supplied through food or through exposure of the body 
to direct sunlight. In the latter ca.se, the color of the exposed skin ma¬ 
terially influences the amount of sunlight absorbed and hence its anti¬ 
rachitic effect (1). 

The question which will be studied in this paper is the effect of in¬ 
heritance on the utilization of vitamin D. The criterion for measuring the 
effect is the variation in the length of time that the animals survive when 
fed a diet deficient in the vitamin. 

MATERIAL 

Genetic research has shown that a population of animals bred at ran¬ 
dom, or nearly so, generally contains different inherited potentialities. 
Two individuals, though they be carefully selected are apt to deviate in 
their reaction to any given variable even if the experiment is well con¬ 
trolled. It is evident that this random differentiation would vitiate the 
analysis we propose. The aim is to keep the full spread of inherited dif¬ 
ferences of the initial population, but to segregate it into lines each of which 
has a distinctly reduced inherited variation. Close inbreeding of the 
brother and sister type furnishes a means by which this end may be ac¬ 
complished. If from a population of rats, we select a dozen pairs, we have 
a sample of the inherited potentialities of the entire group. Any given pair 
will be likely to contain but a limited part of the variation in the total 
spread of inheritance. The progeny of such a pair will tend to have only a 
portion of the inherited variation which their parents possessed, although 
considered collectively, the whole litter, if large, might well contain all of 
it. Each generation, so long as the inheritance of the line comes through a 
single pair, will consequently become more and more alike, until a time is 
reached when the progeny within a given generation are so closely similar 
that they can be considered essentially alike in respect to inheritance. 
Any variation which such a population shows may therefore be attributed 
to environment. Those familiar with the effects of such factors as linkage 
and balanced lethals will realize that even here difliculties may enter. 
However, the same procedure in inbreeding each of the sample lines 
originally selected at random will result in uniformity within each of the 
lines, but between the lines, if the selection is fortunate, the full inherited 
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variation of the original random population will remain. The differences 
between such lines may be used to measure the influence which inherited 
variation may exert on the particular variable studied. 

The experiment described here was fortunate in having available to it 
16 lines so distinctly differentiated in their inheritance. We are indebted 
to Dr. M. R. Curtis of the Institute for Cancer Research at Colum¬ 
bia University, New York, for the animals which we used to start each 
of our lines, and for the data from which it has been possible to obtain the 
survivorship of these lines when fed our complete diet (Curtis and Bul¬ 
lock 1923; Curtis, Dunning and Bullock 1933). The sixteen strains were 
originally from the stock rats of four different dealers and from one 
European laboratory strain. When the selected pregnant females were 
transferred to Rockefeller Institute at Princeton, New Jersey, the different 
lines had been bred brother by sister for 6 to 9 generations. Three to 5 
generations of further inbreeding intervened before the animals were used 
in the experiment. Care was taken to avoid the introduction of trans¬ 
missible diseases and parasites into these new lines. Before transfer, the 
pregnant females were examined thoroughly and dipped to eliminate any 
external parasites. After transfer, they were separated from each other by 
solitary isolation in different laboratories. Here the young were born and 
at weaning time the mothers were autopsied. Lungs were examined es¬ 
pecially for pneumonia, feces for paratyphoid bacilli and the eggs of nema¬ 
tode worms. All females abnormal in any of these particulars were elimi¬ 
nated along with their litters. The remaining litters were then bred and the 
process repeated in like manner. Finally the stock was free of paratyphoids, 
nematodes, skin parasites and pneumonia, for a time at least. Unfor¬ 
tunately we missed the middle ear focus of the actinoides organism and as 
a result the pneumonia which it favored subsequently appeared in our 
stock. We could not find that its incidence had any distinct relation to the 
deaths in different lines whether they were subjected to the vitamin D 
deficient diet or to the normal one. That the disease is capable of control 
by the measures taken is indicated by the fact that it has been eliminated 
in one strain of our stock (Nelson and Gowen 1930). 

The untreated rats were maintained on the following stock ration. 
Bread, whole milk, fresh vegetable and yellow corn were fed on Monday, 
Wednesday and Friday; bread, milk and cereal on Tuesday and Thursday; 
bread, milk, cereal and yellow corn on Saturday. The cereal was com¬ 
posed of equal parts of cracked whole wheat, rolled oats and yellow corn- 
meal mixed with milk and cooked for 20 minutes. A special rat biscuit and 
water were before the animals at all times. Meat was fed once a week. Such 
a diet was chosen for the untreated rats because of its wide variety of food¬ 
stuffs and its ability to maintain the animals’ condition. 
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The choice of a diet for the test animals presented many difficulties. 
Two diets low in vitamin D were in common use; that of McCollum, 
3143 (1922), and that of Steenbock and Black, 2965 (1925). Both rather 
readily produce the vitamin D deficient picture in rats fed on them. The 
calcium-phosphorus ratio is unbalanced in both, the calcium being high 
and the phosphorus low. Furthermore, both diets arc believed to be de¬ 
ficient in vitamin B 2 , and also in certain minerals and iodin. Either diet, 
however, has in its favor the real advantage of having been widely used 
in other feeding experiments. Since comparability with the experiments of 
others seemed desirable, it was decided to use the 2965 diet in preference 
to any new ration which we might devise. The proportions of this diet 
were 76 percent of ground yellow corn especially selected for its brightness 
of color, 20 percent of wheat gluten, 1 percent of sodium chloride and 3 
percent of calcium carbonate. Distilled water was continuously before the 
animals. 

The experiment was conducted in the following manner. Rats to be fed 
the vitamin D deficient diet were kept out of contact with direct sunlight. 
Females were isolated from the time that pregnancy was noted and the 
resulting litters were kept separate from other rats. The litters were weaned 
3 weeks after birth and from then until 46 days of age, when the vitamin 
D deficient diet was started, they were fed on the regular stock ration. At 
46 days of age, the young were put into individual screen-bottom cages 9 
inches square and held 4 of an inch above the shelf and away from direct 
sunlight. Food was always present in the cages. Its daily consumption was 
reckoned on the difference between the weight put into the cage on one day 
and that remaining the next. It is evident that animals could obtain some 
of the metal elements from the wire of their cages; other than that and their 
diet, it is believed that they received nothing. In the daily routine pro¬ 
cedure, all cages were examined for feces which might have caught on the 
wire bottom, and shelves under the cages were cleaned. The animals were 
weighed once each week. 

Data pertinent to the problem included litter size, initial weight at 46 
days of age, maximum weight, age when maximum weight was attained, 
time of death and weight at death. From these items the rate of gain and 
absolute gain from initial to maximum weight may be calculated. The sub¬ 
sequent loss in weight and rate of loss until death may also be determined. 
The food intake was found to rise somewhat at first, then to remain quite 
constant until the week of death when the records show some drop. In 
view of the fact that differences in litter size and in weight are regarded 
as in part hereditable and since the aim of the experiment was to test in¬ 
heritance, no adjustment in litter size and weight was made. Obviously 
such a procedure would have overthrown some of the objectives of the 
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experiment. This problem is approached, however, by what is possibly a 
better technique in a later section of the paper. 

Originally it was intended to revive some of the long-time survivors of 
the diet deficient in vitamin I) by giving them a normal diet and ultra¬ 
violet light. The plan was not carried far because rats, although revived 
in many respects by such treatment, were found to be sterile. 

It is clear that although the experiment is directed at the effect of in¬ 
heritance on a deficient supply of vitamin D, other more or less significant 
nutrients have been reduced. We should, of course, like to say that the 
results obtained relate entirely to vitamin D and the effects of inheritance 
in making this element more or less essential for the metabolism of one 
strain but not indispensable to a strain of different genetic constitution. 
This, it seems, we can not do completely, if for no reason other than our 
present ignorance of many essentials of nutrition. All the experiment can 
hope to indicate is that given a diet with certain deficiencies, vitamin D 
important among them, the susceptibility of different groups varied, and 
that a portion of this variation was attributable to inheritance. In referring 
to the subsequent results the term “vitamin 1) fieficient diet” is intended 
to convey the broader definition. Considered from the point of view of 
evolution, such variations may indicate the adaptability of certain races 
to border zones deficient in particular environmental factors and in 
Davenport’s sense may fit races for invasion into wbat would otherwise 
be inhospitable regions. 

The present paper directs attention to the variation in length of life of 
genetically different strains of rats fed the same vitamin D deficient diet. 
We may begin our study, however, by an analysis of the variation curves 
of the lives of all of the rats taken together. Through the courtesy of Dr. 
M. R. Curtis in supplying the data, it has also been possible, for the bene¬ 
fit of the reader, to place on the charts life curves of rats of the same 
strains when fed a completely adequate diet. A total of 4981 male and 7607 
female completed lives are represented in this material. 

life curves of rats on the vitamin d deficient diet 

Data from all lines were combined into a life curve representing the 
effects of the vitamin D deficient diet on the whole population. The total 
data compared with those for the human life tables are rather pitifully 
small, for collecting material under the conditions and requirements of the 
experiment is slow work. But surprisingly smooth curves result. There are 
also the real advantages that the data were collected with a definite pur¬ 
pose in view and that all the entering variables were recorded at the time 
of occurrence and not at death. 
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SEX DIFFERENCES IN THE REACTION TO THE VITAMIN 
D DEFICIENT DIET 

Sex, of course, is an inherited character, being dependent on the chro¬ 
mosome distribution, although the conditions bringing it about have thus 
far defied exact analysis. Since a sex difference is manifest in the data, the 
original curve is divided into 2 curves, 1 for each sex. The tabulation 
represents survivors against duration of life, duration of life being meas¬ 
ured as age in days divided by 30. The males in table 1 show a somewhat 
greater duration of life than the females. 


Table 1 

Survivorship curves of rats on vitamin D deficient diets. 


AGE 

NUMBERS WHICH SURVIVED 

DAT8/30 

MALES 

rEMALES 

2 

170 

167 

3 

162 

154 

4 

141 

139 

5 

108 

104 

6 

78 

73 

7 

60 

50 

8 

44 

29 

9 

32 

15 

10 

25 

8 

11 

16 

2 

12 

11 

1 

13 

6 


14 

5 


15 

4 


16 

1 



Figure 1 gives the graph of these results. If we test the significance of 
differences between the sexes by comparing the specific death rates, we 
find that the x* value for 10 classes is equal to 14.7; the P value is slightly 
less than 0.1 (ages of 10 and above are grouped into one class). We should 
have to conclude that sufficient data were not at hand to prove that there 
was a distinct difference between the sexes. But the fact that a sex differ¬ 
ence is manifest in our data in the direction of a more severe effect of the 
vitamin D deficiency on females than males is in line with observation on 
the human in puberty and after-life and in my own unpublished results on 
the domestic fowl. A similar effect has been noted by Bills and others 
(1931) in line test studies on rats, the males showing a slightly greater rate 
of healing than the females. 

Sex differences in reactions to specific agents of disease and to other 
agents are becoming rather well known. Wright and Lewis (1921) have 
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shown such differences in the resistance of guinea pigs to tuberculosis. In 
their experiments, as in ours on vitamin deficiency, the females died more 
rapidly than the males. In mice the writer’s experiments are showing a re¬ 
versal of this effect: exposure of a population to the effects of ricin poison 
, causes the males to die at distinctly greater rates than the females (Gowen 
and Schott 1933). In rat and mouse typhoid, and mouse liver disease {B 
piliformis), however, the sexes react alike (Irwin 1929; Schott 1932; 
Webster 1933; Gowen and Schott 1933). 



Figurk 1.—C'urves showing the survivorship plotted against age for rats on vitamin D de¬ 
ficient diets, left-hand curves, and like rats on a normal diet (based on Curtis* data), right-hand 
curves. 


A comparison of the left- and right-hand curves in figure 1 shows that 
rats on a diet believed to be adequate have a distinctly longer life-span 
than those on the deficient diet. In the former group, 11-12 months elapses 
before 50 percent of the population dies, in the latter only 5-6 months 
intervenes. After this point, the survivors of the deficient diet begin to die 
off more sharply than the others and the form of the curve therefore 
changes. This type of curve is also found when Drosophila are subjected to 
starvation. Apparently when one major cause of death overshadows all 
others the curves tend to have an abrupt, relatively limited cycle. This sug¬ 
gests the destruction of a reserve substance at a given rate. The fact that 
the rats on the vitamin D deficient diet lived but one half as long as those 
on the complete diet is sufficient evidence to emphasize the importance to 
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life of the deficiencies observed in this diet. These differences are without 
regard to the inheritance since the inheritance within two groups is quite 
similar. 

The sex differences in rats on the normal diet are well marked, no ques¬ 
tion of their statistical significance being possible. They are, however, in 
a direction opposite that of rats on the vitamin D deficient diet, that is, 
the males die sooner on the normal diet than the females. Such a differ¬ 
ence between the rats on the two diets seems significant, for while it is not 
possible to assert that the male and female rats are strictly not identical, 
the probability that the females would live longer than the males, as they 
do under the normal diet, becomes rather small, about 1 in 100. 

CHARACTERISTICS OF THE CURVE SHOWING THE 
FREQUENCY OF DEATH 

The constants of the frequency curves of the population, variable in its 
heredity, have special interest when they are compared with those of the 
like population when the variation brought about by the heterogeneous 
heredity is removed. The frequencies of death against age are shown in 
table 2 for the population lacking vitamin D. 


Table 2 

Frequency oj deaths of rats on a vitamin D deficient diet. 


AGR 

dayb/30 


NUUBERH WHICH DIK 


MALES 


rRMALES 


2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 


13 

14 

15 

16 


8 13 

21 15 

33 35 


30 

18 

16 

12 

7 

9 

5 

5 

1 

1 

3 

1 


31 

23 

21 

14 

7 

6 

1 

1 


Figure 2 shows the frequency polygons, in which percentages of death 
are plotted against age for rats on normal and vitamin D deficient diets. 
The two sexes are represented separately. The striking feature of these 
diagrams is that animals on the vitamin D deficient diet reach a much 
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higher total death rate per unit of time than those on the normal diet. 
For purposes of comparison, the constants of Pearson’s frequency curves 
are useful in clarifying these differences. These constants are found in 
table 3. 



DAYs/aO TO DEATH 

Figuke 2, —Frequency diagrams for percentages (upper figure) of death plotted against age for 
rats on normal diets (derived from Curtis’ data), and on vitamin I) deficient diets (lower figure). 


Table 3 

Frequency constants jor deaths of rats plotted against ugr, normal and vitamin D deficient diets 


V11AMIN D DEFICIENT DIET 


NORMAL DIET (CURTIS DATA) 



MALES 

FEMALBB 

MALES 

FEMALES 

Mean (days) 

197.3 ±4.6 

178.3 ±3.3 

379.4±1.8 

403.6± 1.5 

Standard deviation 

89.0 ±3.3 

63.4 ±2.3 

189.9±1.3 

198.1± 1.1 

Coefficient of variation 

45.2 

35.6 

50.1 

49.0 


8.80 

4.46 

40.13 

43.6 

A*# 

28.85 

4.77 

159.40 

151,3 

M4 

299.22 

56.13 

4406.85 

4840.4 

/3i 

1.22± .27 

0,26± .11 

0.39± .02 

0.28± .01 


3.86± .48 

2.82± .25 

2.74± .04 

2.55± .02 

Skewness 

1.27± .38 

0.41± .10 

0.77± ,04 

0.70± .03 

Type of curve 

I 

I 

I 

I 
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The constants of table 3 show that the frequency distribution of the 
deaths of rats on the vitamin D deficient diet has a distinct positive skew¬ 
ness. The curve prescribed for these distributions is Pearson's Type I. 

If we compare the constants derived for animals on the vitamin D de¬ 
ficient diet with those for a similar group on the normal diet (Curtis’ 
data), we note that while the average duration of life in the latter animals 
is not quite twice as great as that of the former, the standard deviation is 
more than twice as large. The coefficient of variation consequently shows 
a relatively greater variation in the deaths of rats on the normal than on 
the vitamin D deficient diet. The skewness of both curves is within the 
same range. The constants of both sets of observations lead to Type I 
curves. 

CHARACTERISTICS OF THE FREQUENCY DISTRIBUTIONS OF DEATHS OF THE 
SEXES WTIEN EACH GENETICALLY SEPARATE GROUP 
IS CENTERED ON ITS MEAN 

We may turn to the question, what are the characteristics of the death 
curves when the hereditable variation in the susceptibility of the animals 
is removed? Inbreeding tends to purify a race in the sense of making one 
animal genetically like the other. The strains of rats used in these experi¬ 
ments had all been inbred nine or more generations by brother and sister 
matings. They should, therefore, be quite pure from the point of view of 
inheritance. The variation which remains within each strain may be looked 
upon as that due to external environmental conditions. Any differences 
between the strains, on the other hand, may be assigned to differences in 
the genetic constitution of the strains. By centering the variability curve 
of each strain on its mean, we eliminate the variation due to heredity and 
are in a position to examine the variation due to environment. The con¬ 
stants of the distributions of deaths for male and female rats on the vita¬ 
min D deficient diet are seen in table 4. 


Table 4 

Constants of the distributions of deaths for rats on vitamin D deficient diet when each genetically 
separate group is centered on its mean. 



MAUiB 

nSMALKS 

Mean 

—0.0 days 

—0.2 days 

Standard deviation 

56.1±2.0 days 

42.16 ±.6 days 

Ms 

3.49 days 

2.02 days 


1.98 days 

0.36 days 

M4 

52.85 days 

13.39 days 


0.092± .186days 

0.015± .010days 

P 2 

4.187±2.43 days 

3.036± .365days 

Skewness % 

0.096± .083 days 

0.061 ± .064days 
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When each genetically separate group is centered on its mean, the 
standard deviations have become markedly reduced. This shows that the 
strain differences played a real part in the resistance of the population to 
the lack of vitamin D. The frequency distributions have become more 
symmetrical, the Beta constants do not differ significantly from the values 
of the normal curve /3i = 0 ^82 = 3. The skewness of both the male and female 
groups has been eliminated with the removal of the major inheritance dif¬ 
ferences. The frequency curves are now essentially symmetrical. 

The constants indicate that when the heterogeneity introduced by 
differences in inheritance is removed, Gaussian curves will approximate 
the survival curve of the rats. This fact has particular significance to 
studies of the potencies and effects of vitamin D preparations since the 
interpretation to be placed on such assays so often depends on the statisti¬ 
cal significance to be attached to them. The approximation of these dis¬ 
tributions to normal curves has a further interest to other studies of physi¬ 
ological resistance, that is, the effect of inheritance on disease resistance, 
since it is often necessary to determine the perimeters of the curves for 
the resistance of the host to the given disease-provoking entity before 
an analysis of the inheritance of disease resistance is possible. 

EVIDENCE FOR THE EFFECTS OF INHERITANCE ON 
RESISTANCE TO VITAMIN D DEFICIENCIES 

The mean durations of life of the different lines of rats, together with 
their standard deviations arc given in table 5 . 


Table 5 

Means artd standard deviations of the durations of life oj the diffennt inbred lines of rats. 


LINK 

MKAN 


STANDARD DKVIATION 

MALKS 

FEMALES 

MALES 

FEMALES 

1 

233+ 9 

210+ 7 

54+ 6 

56+ 5 

6 

289 ±18 

258+10 

90+13 

37+ 7 

7 

133 ± 7 

164+11 

. U ± 5 

55+ 8 

8 

295 ±14 

221 ± 9 

82 + 10 

46 ± 7 

10 

217±11 

227±11 

54± 8 

50 ± 5 

11 

132 ± 6 

132+ 5 

33 ± 4 

35± 4 

12 

160± 5 

158+ 6 

21± 3 

40± 4 

13 

344±15 

274+ 9 

78 + 10 

49+ 6 

14 

160± 7 

151+ 5 

45+ 5 

36± 4 

15 

144± 6 

155± 9 

43+ 4 

44± 6 

16 

143 ± 7 

116± 6 

45± 5 

40± 4 


The data show several significant differences in the average duration of 
life between the lines. Such differences may be appreciated best by com¬ 
paring the bar diagrams in figure 3. The height of the bars represents the 
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average duration of life of the line indicated by number at the base of the 
bar. The left-hand portion of the bar represents the males; the right-hand 
portion the females. Evidently lines 6, 8 and 13 survived for the longest 
period on the vitamin D deficient diet. Lines 1 and 10 lived a shorter time, 
while the remaining lines showed the poorest survival. 

The data show that the two sexes within a given line correspond fairly 
well in their duration of life. It is likewise evident that the lines which 
tend to live the longest time are those which show the differences between 
the sexes. 



RAT LINC5 

FiGtJiiE 3. —Average duration of life of genetically differentiated lines of rats fed on a diet de¬ 
ficient in vitamin D. Left-hand side of bars, males, right-hand side, females. 


The relative effect of inheritance may be more clearly demonstrated by 
a rather precise comparison. The central idea behind inheritance is that 
closely related individuals, on the average, will resemble each other more 
than will unrelated ones. The degree of resemblance between any two rela¬ 
tives may thus be determined as the quantitative difference between the 
measurements of a particular character in the two individuals. Genetically 
unrelated animals composing another group may be treated in a similar 
manner. The difference between measurements for the related and un¬ 
related or random sample groups will give a quantitative value for the 
effect of the inheritance. If now, we desire a direct measurement of the 
amount of genetic correlation between the related individuals in the groups 
the summed squares of these differences will give such a measure of this 
inheritance effect. 

The total squared differences for the durations of life of the whole 
population of rats on this vitamin P deficient diet may be divided into 
two parts; the variation due to differences between the different genetic 
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lines and the variation due to the random variation of the individuals 
within the lines. Since the genetic differences between the lines are the 
only known causative agents of variation, this variation may properly be 
attributed to the influence which the inheritance exerts on the utilization 
, of any available vitamin D and of other elements in the deficient diet. The 
variation within each line may, for the moment, be considered to be in¬ 
duced by unknown environmental factors. The contribution of these two 
sets of factors to the total variability is seen below. 


Males 


Variation in whole population 

1,334,400 days 

Between related individuals 

848,320 days 

Within related lines 

486,080 days 

Females 


Variation in whole population 

600,720 days 

Between related individuals 

377,120 days 

Within related lines 

313,600 days 


These results show that over half of the sum squares of the durations 
of life within the whole population arc due to the differences between the 
genetically different lines of rats. For the males the contribution made to 
the whole variation by these racial differences amounts to 63 percent of 
the total. For the females the contribution is 55 percent of the total. The 
statistical significance of these differences may be determined in the usual 
way by comparing the variance of the between group class with that of 
the within group class, where the degrees of freedom are 10 for between 
lines and 159, males, and 156, females, for wdthin the lines. These vari¬ 
ances for the males are, between lines 84,832 days; and within lines 3,057 
days; and for the females, between lines 37,712 days; and within lines 
2,010 days. The variance due to the genetic differences is at least 18 times 
that within the racial lines where a difference of only 2.5 times would be 
significant. Both sexes thus agree in showing a well marked difference in 
the effects of the vitamin D deficient diet in populations of closely related 
individuals as contrasted with a group bred at random. The differences 
between the variances of the males and females, while fairly large could 
easily be due to random sampling since to be significant one difference 
would need to be more than 5 times the other. 

There are three classes of genetic relationship for the individuals within 
the different racial lines. The first is that between individuals of the same 
litter; the second that between individuals of the same parents but dif¬ 
ferent litters; the third that between the offspring of one pair with those 
of another pair of the same line. The variance contributed to the total by 
these different groupings of the data is found below. 
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These results are concordant in showing the closely related individuals 
to be quite similar in their duration of life whether they are born into the 
same litter, different litters of the same parentage or born of different 
parents but of the same racial inbred line. The results for the males vary 
somewhat, those for the females are rather constant, seeming to represent 
a more nearly average result. The variance within the matings—2,200 



DEQRKKB 

OF FIIEKDOU 

BITMOFBQUAKEB 

IN DAYS 

VARIAKCB IN 

IN DAYS 

Males 

Whole population 

169 

1,334,400 


Between racial lines 

10 

848,.120 

84,832 

Between different parents but within racial lines 

19 

82,400 

4,320 

Between litters of same parents 


147,120 

6,400 

Within litters 

117 

256,560 

2,200 

Females 

Whole population 

166 

690,720 


Between racial lines 

10 

377,120 

37,712 

Between different parents but within racial lines 

19 

65,200 

3,432 

Between litters of same parents 

17 

47,760 

2,808 

Within litters 

120 

200,640 

1,672 


days for the males and 1,672 days for the females—is a fair estimation of 
the random variance unaccounted for by the differences in the racial lines. 
As pointed out earlier, the ratio between this variance and that between 
the racial groups shows that statistically speaking the odds in favor of an 
inherited effect on a dietary exhaustion are large indeed. Environmental 
effects common to the progeny of different parents within racial lines or to 
litters of the same parents also contribute elements tending to make their 
duration of life more nearly alike. If the variance of these two groups be 
compared with that of the within litters group, we find that to be con¬ 
sidered significant, the former value should be almost twice the latter. 
Three out of four groups meet this requirement. The variance of one of 
the three groups, between litters of the same parents in the males, is nearly 
three times that of the within litters group. These differences may be con¬ 
sidered as indicative of some effect of common environmental or genetic 
factors (uncontrolled by the previous inbreeding) which were common to 
these particular groups. The net conclusion to be drawn from the evidence 
is, however, clear; the life-span of rats confined to the deficient diet is in¬ 
fluenced markedly by genetic constitution. 

THE INTERRELATION OF CHARACTERS AFFECTING THE LIFE-SPAN 

It is of interest to inquire further into the inheritance eflFect and to de¬ 
termine, if possible, what characters the inheritance may affect and thus 
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account for the observed differences between the genetic lines. Two such 
characters which vary with the different inbred lines are known to be 
present-“the size of litter and the ability to reach a given initial weight 
at 46 days, the age when the deficient diet was commenced. I'hese varia¬ 
bles are interrelated. Both could conceivably be responsible for the ob¬ 
served inherited effects if they are found to be correlated with the survival 
times of the different lines. Furthermore it seems likely that these varia¬ 
bles, litter size and weight at 46 days, would themselves be correlated. 
The correlations are presented below. 

Besides the effect on the life-span, four other measures have been used 
in estimating the effects of the defective diet, maximum weight attained 
while on the defective diet, weight just prior to death, days between start 
of diet and maximum weight, and days between maximum weight and 
death. The interrelations of these variables, as well as their relation to 
initial weight and litter size, have a direct bearing on the problem in hand. 

1'ablk 6 

Correlations of survival time and other indicated variables for rats on a vitamin D deficient diet 


CHAIUCT1BH8 CORRELATED 


CORRELATION COfiPFlCIENTS 



MALES 

FEMALES 

Weight at 46 days and age at maximum weight 

().4.^± 04 

0.29±.05 

Weight at 46 days and maximum weight 

.82+.02 

.83+.02 

Weight at 46 days and age at death 

.f)0±.03 

.50±.04 

Weight at 46 days and last weight 

.76±.02 

.84±.02 

Weight at 46 days and litter size 

-.48+.04 

-.46±.04 

Age at maximum weight and maximum weight 

.71+ 03 

.52±.04 

Age at maximum weight and age at death 

.85+.01 

.76 ±.02 

Age at maximum weight and last weight 

.64±.03 

.47+.04 

Age at maximum weight and litter size 

-.23+.05 

-.06± .05 

Maximum weight and age at death 

.78±.02 

.68±.03 

Maximum weight and last weight 

.91±.0l 

.91+.01 

Maximum weight and litter size 

-.39±.05 

-.28±.05 

Age at death and last weight 

.67+.03 

.58±.03 

Age at death and litter size 

-.34±.05 

-.15+.05 

Last weight and litter size 

-.33+.05 

-.38±.05 


Examination of table 6 reveals a close correlation between many of 
the variables. Such variables as age at maximum weight, maximum weight, 
last weight, are closely correlated with age at death, the coefficients being 
quite high, 0.85, 0.78, 0.67, for the males. These variables may be utilized 
to measure the defects of the diet and they also completely determine such 
other variables as gain or loss in weight on the deficient diet. This fact 
makes it entirely proper to confine our consideration of the inheritance to 
its effects on the life-span, since such other items are in large part only 
different measures of the same variable. The litter size and individual 
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weight attained at 46 days, the time when the deficient diet was com¬ 
menced, are in a somewhat different category in so far as their relation to 
the effects of the diet on the life-span is concerned. Weight at 46 days is 
rather highly correlated with the after life-span when the rat is on the 
deficient diet. The ability to reach a given weight at a given time is also 
an inherited characteristic. The correlations of table 6 suggest that the 
inheritance of this character is a contributing cause of the observed in¬ 
heritance of the length of the life-span between the inbred lines. A similar 
observation may be made for the litter size. 'I'his latter case is somewhat 
different, however, since litter size may be a variable which expresses its 
effect entirely through its influence on the weight at 46 days. If this be 
true, all the attention may be given to the weight at 46 days. The partial 
correlation coefficients throw some light on the problem. The first order 
partial correlation coefficient between the weight at 46 days and the life¬ 
span where account is taken of the effect of the litter size is 0.5vi ± .04 for 
the males, and 0.49 ± .04 for the females. The partial correlation coefficient 
for litter size and the life-span where the effect of the 46-day weight is 
properly accounted for is —0.06 + .05 for the males and 0.11 J 0.5 for the 
females, correlations which are not statistically significant. The character¬ 
istic which accounts for all of the effect of litter size and also contributes 
something to determining the life-span under the conditions of the ex¬ 
periments is the weight at 46 days. The contribution which the inheritance 
of this character makes to the length of survival may now be investigated. 

ON THE CHARACTER BASIS FOR THE GENETIC DIFFERENTIATION SHOWN 
IN THE DURATION OF THE LIFE-SPAN 

The inbred strains of rats utilized for these experiments differ markedly 
in their weights at 46 days of age, the period including nursing, weaning 
and growth. The broad ration which was used has maintained a colony of 
many rats throughout life and over a period of 15 years. Of the total 
squared sums of these weights for the whole population of males, 45 per¬ 
cent is contributed by the line differences. For the females the contribution 
is 57 percent. These contributions are statistically significant since the 
variance between the lines is for the males 13 times and for the females 19 
times those of the variances within the lines. 

The question of how much this inheritance is contributory to the in¬ 
heritance of the duration of life under the unfavorable diet may be ana¬ 
lyzed as follows. The sum of the squared differences for the durations of 
life of all rats was earlier split into two parts; that which is due to the 
differences between the inbred lines and that found within the lines. The 
question to be answered is, how much of each of these variations is due to 
the variations in initial weight? The numerical values necessary to answer 
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this question may be determined from the correlation coefficients between 
the weights at 46 days and the life-spans within the two groups, between 
the inbred lines and within these lines. 

These correlation coefficients are equal to 0.84 for the males and 0.62 
for the females in the group where the variation is dependent on genetic 
differences between the inbred lines. Statistically speaking, they are sig¬ 
nificant. They are not significantly different from each other, however, 
since the difference is only 0.22 with a probable error of about 0.28, An 
average value of 0.73 for the correlation coefficient would thus be a fair 
estimate of the effect of the inheritance of weight on the life-span. The 
correlation coefficients between weight and duration of life within the in- 
bred lines is the same for both males and females, 0.v34. This is also signifi¬ 
cant since a correlation of only 0.21 would be exceeded by chance but once 
in 100 trials. This correlation of 0.34 within the inbred lines would seem 
to be due to two possible kinds of variables; inheritance heterozygosis, 
which is as yet uncontrolled by the inbreeding, and common environ¬ 
mental factors having common effects on growth and life-span. It is 
significant to note that correlations due to such causes are only half those 
due to the controlled genetic causes, showing that to this extent, at least, 
the inbreeding has segregated important hereditary factors for life-span 
and weight into fairly pure racial groups. 

The amount of the variation in life-span due to differences in the in¬ 
heritance for weight may be determined from the relation 

v = V(l~r2) 

when V is the variance of the life span, r is the correlation coefficient be¬ 
tween weight at 46 days and the survival time and v the partial variance, 
that is, the variance remaining after account has been taken of the effect 
of the inherited variation in weight. By substituting the correlation co¬ 
efficient of 0.73 in this equation we find that the variance remaining after 
account is taken of the effect of the weight at 46 days is only 47 percent of 
that where weight varies as it will. Of that portion of the total variance 
attributable to inherited differences between the rat strains (59 percent), 
S3 percent or 31 percent of the total is contributed by inherited differ¬ 
ences in weight. The remaining 47 percent of the inheritance effect on dura¬ 
tion of life is due to characters which are at present unknown. The same 
reasoning may be applied to the variation in length of life within the 
different lines. The variation due to the uncontrolled inheritance of weight 
within the inbred lines or to common environmental factors is measured 
by a correlation of 0.34. The variance remaining after proper account is 
taken of these factors is 88 percent. The portion of the variance within 
rat strains due to this character, weight, is consequently but 12 percent 
of that observed within the rat strains. The tabulation of these results is 
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as follows. The total sum of the squares is reduced to a percentage, 100, 
and the contribution of each of the different factors to this variation listed 


as a percentage of this total. 

Total variation in life span (sum of squares) 100 

Variation between genetically different lines 

Percent of variation due to inheritance of weight 31 

Percent of variation due to unknown characters 28 

Total attributable to inheritance factors 59 

Variation within genetically similar lines 
Percent of variation due to weight 5 

Percent of variation due to unknown environmental 

characters 36 

'I'otal attributable to chance inherited and environ¬ 
mental influences 41 


Table 7 


Analysis oj the variation oj wiight at 46 days and life-span in strains in inbred rats. 



DEQREBS 

WEIGHT AT 46 DAYS (0118.) 

LIFE-SPAN (days) 

CORRELATION 

ORIGIN OF VARIATION 

OF 

FKRRDOM 

SUM OF 

SQUARES 

VARIANCE 

SUM OF 

SQUARES 

VARIANCE 

CROSS 

PBODurrs 

CORRELATION 

COEFFICIENT 

Male 

Whole population 

169 

58,010 

334.3 

1,334,400 

7,896 

166,630 

0.599 

Between strains 

10 

26,073 

2,607.3 

848,320 

84,832 

124,210 

.835 

Within strains 

159 

31,938 

200.9 

486,080 

3,057 

42,420 

.341 

Females 

Whole population 

166 

37,785 

227.5 

690,720 

4,161 

80,710 

0.499 

Between strains 

10 

21,655 

2,165.5 

377,120 

37,712 

56,350 

.624 

Within strains 

156 

16,130 

103.5 

313,600 

2,010 

24,360 

.343 


In general, the evidence leads to the following conclusions. Since the 
only known variable which tends to differentiate the inbred lines is he¬ 
redity, the evidence indicates that somewhat more than half (about 59 
percent) of the variation in life-span under conditions made unfavorable 
by a deficiency of vitamin D in the diet, is due to characters under he¬ 
reditary control. Approximately 36 percent of the variation is due to un¬ 
known environmental influences. Of the half due to heredity, a half of 
that, or a quarter of the whole, is attributable to the inheritance of the 
character weight at 46 days. The other quarter, although definitely due to 
heredity, must be attributable to the inheritance of characters unknown 
but important to survival under the prescribed dietary conditions. Only 
5 percent of the variation within the lines is assignable to weight varia¬ 
tions and 36 percent to unknown but nevertheless very real environmental 
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or uncontrolled hereditary factors. The data from which these comparisons 
are drawn arc given in table 7. 

SOME GENERAL BIOLOGICAL ASPECTS OF THE DATA 

The data favor the view that within a species the reactions of indi¬ 
viduals to apparently essential dietary constituents may differ and that 
this variation is controlled partly by the inheritance. It is of interest to 
digress and consider here the consequence of such variation in evolution. 
In the shifting of species from one locality to another of quite different 
dietary possibilities, it would seem that extensive modification in the 
physiological economy of the group would often be required. Such, for 
instance, would be the case of groups moving from high, dry plateaux 
over mountains into low, hot, moist regions; or, in the laboratory, in the 
transfer of bacteria from a susceptible host to culture media and vice 
versa. 

Two e.xplanations for such modifications in evolution seem possible. 
First the group could move into the unfavorable area and through some 
action of the environment become modified and survive the conditions 
imposed. These modifications, of course, would have to be hereditary and 
the objections can be raised that the germ plasm is not readily altered and 
that only a small proportion of such modifications as do occur improve the 
survival value of the animal. The chance of establishing the initial foot¬ 
hold in the unfavorable area would thus be slight. An alternative proposi¬ 
tion would be that within a group certain animals may become potentially 
suited in their genetic constitutions to environments different from those 
in which they are found, but into which they can migrate. 'J'hese extreme 
forms which would rise at random and without any evident adaptive re¬ 
lation to the environment would thus be fitted to meet the new environ¬ 
mental conditions and to establish themselves in sufficient numbers to gain 
a foothold. Further mutation and selection, even though the rate be small 
and the effect slight, would eventually tend to complete the adaptive 
change. 

The evidence obtained in our experiments points to distinct genetic 
differences in the dietary requirements of strains of rats. These differences 
existed before there was any known exposure of the race to dietary de¬ 
ficiencies. Certain lines were adjusted by their previous inheritance to a 
somewhat lower requirement of given food elements than were others, and 
could, consequently, meet the lack of such elements more successfully. 
The fitting of certain members of the group to the environment came 
first rather than as a consequence of previous modification. 

This view is supported in the experiments on disease resistance, in 
which the different inbred lines of a race are exposed to a disease rare to 
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it. Examples include pseudorabies of cattle introduced into mice (Gowen 
and Schott 1933) or B. abortus of swine in rabbits (Cole, 1930), since in 
both instances it has been possible to demonstrate that certain strains 
have inherited resistance to the disease, whereas others show distinct sus¬ 
ceptibility to it. 

Other diseases which are known to be quite dependent upon the genetic 
constitution of the host for their infectivity do not furnish such critical 
evidence, since these diseases occur commonly in the species and selection 
for susceptibility or resistance may have occurred. 

Such diseases as rat typhoid, S. enteritidis of Irwin (1929), mouse ty¬ 
phoid 5. aertrycke of Schott (1932), B. enteritidis of Webster (1933), 
white diarrhea, S. pullorum of Roberts and Card (1926), typhoid, 5. 
gallinarum of Lambert (1932) fall into this group, since it is uncertain 
whether the fitting of specific groups to the environment came first or as a 
consequence of previous modification. 

The bacteria and especially the protozoa furnish significant evidence of 
both types of genetic modification of the host organization. Evaluation 
of the results necessitates a slight reorientation in thought, .since the 
selection may affect the soma instead of the germ plasm in these rapidly 
reproducing unicellular forms. In certain bacteria, the colon group, for in¬ 
stance, division may occur every 20 minutes. A single organism then, in 
the course of 8 hours could give rise to 16,000,000 individuals if all sur¬ 
vived during the period. Since the possible rate of mutation for a specific 
gene is 1 to 10 in 10,000,000 individuals nearly every gene and the char¬ 
acter or characters which it governs could have changed at least once in 24 
generations. 

Wild species of paramecium (Jennings 1908), difllugia (Jennings 
1916, 1929), centropyxis (Root 1918), yeast (Hanson and others 1906), 
colon bacillus (Barber 1907), and many others have shown several bio¬ 
types of diverse heredity, each of which is capable of reacting differently 
to the same or to diverse environments. Experimentally, the environ¬ 
mental agents used were in some cases poisons with which the organi.sm 
presumably had had no previous contact,—the parasitic trypanosomes 
(Taliaferro 1926) or the free-living paramecia (Jollos 1921), 

The choice of the original biotype seemed fortunate in certain cases 
(Jennings 1929) since the results were not always reproducible with other 
stocks. The effects followed a pattern closely similar to that observed in 
other less prescribed environments, in which for example the criterion was 
that the animals should reach a given size or survive a certain heat. The 
initial contrast between the selected lines seemed to be due to previously 
differentiated biotypes selected from the wild population. Further selection 
and presumably further purification of these biotj^jes resulted in further 
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progress, that is, increase in size or resistance to the heat or poison. If still 
further progress was attained it occurred in more or less discrete steps of 
unequal length in both generation time and advance toward the greatest 
adaptibility for the environment. This goal, as Dallinger (1887) showed, 
may be far removed from the ordinary environmental conditions under 
which the species are accustomed to live: in 7 years time the temperature 
requirements of flagellates were changed from 6()°F. to 158°F., 16°C. to 
70°C. But these changes in the genetic structure of the organisms are no 
more permanent than those found in the wild type from which they started 
many generations earlier. For, if the environment is now changed, the 
forms may again, by a slow step-like process, be made to return to forms 
whose requirements arc those of the wild stock from which it originated. 
This result is not so surprising if cognizance is taken of the relatively large 
numbers of animals involved, and the rates at which genes vary under 
natural conditions It suggests that in any population, as in the rat popula¬ 
tion here studied, variation in the nutritive requirements, etc., are oc¬ 
curring which are purely outside the requirements of the given environ¬ 
ment and that if the environment should change those variants having 
the capacity to meet the changed conditions become the parents of those 
which are to form the new race. 


SUMMARY 

The data presented here show that rats which are fed a low vitamin D, 
high calcium diet, from the 46th day of age have an average duration of 
life of 5 to 6 months, or not quite half, that of like animals on a normal 
diet. Rats on the deficient diet die off more sharply than those fed nor¬ 
mally. The standard deviations of duration of life of rats on the deficient 
diet are less than half those of animals on the normal diet. The relative 
variation is consequently greater in the normal rats. It is further noted 
that males on the vitamin D deficient diet live slightly longer than the 
females, but on a normal diet the results arc reversed. The frequency 
curves of death show a distinct skewness. 

Data for the separate lines show distinct differences between these lines 
in respect to length of life. The variations range from 131 to 345 days for 
the males and 132 to 267 days for the females. A comparison of the varia¬ 
tions found for the whole random bred population and for the rats related 
by strain, shows that a distinct correlation exists between the duration of 
life of the animal within a given line. The correlation coefficient for the 
males is 0.63; that for the females 0.55. 

Within the strains there are 3 relationships which bear on the strain 
difference: correlations between members of the same litter, between in¬ 
dividuals of two litters and the same parents, and between individuals of 
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the same line but of different parents. The analyses of the effects of these 
relationships arc concordant in showing that the genetic differences be¬ 
tween the racially differentiated lines account for the greater part of the 
variation. Variation due to the similarity in environment of offspring of 
the same parents or of the same litter are rather small and statistically 
just significant. 

The hereditary differences between the inbred strains are found to ac¬ 
count for somewhat more than half of the variations observed in the life¬ 
span. Of this hereditable variation, about half seems to be due to the in¬ 
heritance of the character, body weight at 46 days. The remaining quarter 
of the variation in life-span due to heredity may be attributed to the in¬ 
heritance of characters as yet unknown but important to survival under 
the dietary conditions imposed by the experiment. Of the variation re¬ 
maining after account is taken of the inheritance effect, only 5 percent is 
attributable to variation in weight. The other 36 percent is due to un¬ 
known factors apparently largely of environmental origin, although even 
here some of this variation could be due to some heterozygosis of the 
germ plasm as yet uncontrolled by the inbreeding. 

Finally, the evidence considered from a broader biological viewpoint has 
a bearing on the problems of adaptive evolution which may be significant. 
The suggestion is made that the fitting of certain groups within a species to 
particular environmental conditions would seem to come first rather than 
as a consequence of modification by the environment. The experiment pre¬ 
sented above supports such a contention, for the evidence points to dis¬ 
tinct genetic differences in the dietary requirements of the strains which, 
so far as it is known, never had been exposed to the particular deficiencies 
involved. 
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INTRODUCTION 

T he oppositional factor hypothesis of East and Mangelsdorf (1925) 
and Filzer (1926) will account for the genetics of self-sterility in 
many species of plants, particularly those of the Solanaceae and Scrophu- 
lariaceae. When two cross-fertile plants are mated normally, either four 
intra-sterile, inter-fertile classes will result all of which will be fertile with 
both parents, or only two such classes will be produced of which one will 
be fertile with both parents while the other will be fertile with the mother 
and sterile with the father; in either case, the classes will be of the same 
size. The class of the mother is never represented in the offspring. There¬ 
fore, reciprocal crosses are never alike. Self-sterility in these species is con¬ 
trolled by three or more allelic genes, usually designated .v^ etc. Two 
only are present in the tissues of the style of a normal diploid plant; and 
when a pollen grain which bears either one of the two is placed upon the 
stigma, its pollen tube does not grow sufficiently rapidly to reach the 
ovules before the flower withers. On the other hand, when a pollen grain 
which carries a self-sterility gene different from either one in the style is 
placed upon the stigma, growth of the tube proceeds at an accelerated 
rate and fertilization takes place. 

There are other species of plants which arc self-sterile but in which the 
behavior of the intra-sterile, inter-fertile classes is different from that in 
the species of the Solanaceae and Scrophulariaceae which have been in¬ 
vestigated. The author (Riley 1932) showed that Capsella (Bursa) grandi- 
flora definitely does not behave as it should if the same type of 5 factors 
controlled self-sterility. In that papier, a possible genetic scheme was 
suggested, but further work indicates that it must be modified. Correns 
(1912) had described a case of self-sterility in Cardamine pratensis, a plant 
which belongs to the same family as Capsella. He found that two cross- 
fertile plants produced four intra-sterile, inter-fertile classes; one was 
sterile with the mother and fertile with the father, another was just the 
opposite, a third was fertile with both parents and the fourth was sterile 
with both. The results in Capsella which were reported earlier seemed to 
indicate an analogy with the situation in Cardamine. In most families, 
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only the two classes of the parents were found, but in others, a third class 
fertile with both parents was present; some families seemed to contain a 
class sterile with both parents in addition to the two parental classes, 
while others contained all four classes, as Corkens had found in Carda- 
mine. An occasional family produced only one class which further compli¬ 
cated the situation. It seemed at the time, that the situation in these two 
Crucifers was basically the same, but that some modifying condition was 
present in Capsclla; it was the purpose of the further investigation reported 
in this paper to determine what was the nature of this modifying condition. 

Another species which proved to be different from Nicotiana and 
Veronica and therefore not to be controlled by oppositional factors was 
Lythrum salicaria. Darwin, Barlow, East and von Ubish all found that 
the three types of flowers in this species were relatively intra-sterile; and 
the latter workers showed that in most plants two gene pairs determine 
trimorphism. In Lythrum, self-sterility seems to be determined by the 
same genes 4, d, JS, and b which determine the three forms of the flowers. 

materials and methods 

The plants used in this investigation resulted from crosses reported in 
the previous paper, and the technique of hand pollination was the same. 
The families of the first generation of these new studies were raised in Doc¬ 
tor G. H. Shull’s greenhouse at Princeton University, while those of 
the next two were grown in the greenhouse of the Bussey Institution of 
Harvard University through the courtesy of Doctor E. M. East, under 
whose sponsorship this work was carried out, and under a fellowship irom 
the National Research Council. 

In the earlier paper, the three intra-sterile, inter-fertile classes were 
designated by the letters A, B, and C, as in tables i and 4 of that paper. 
The method of identifying classes from one generation to another also 
was given. The classes considered in this paper descended from those of 
the first paper and the same symbols are used for the three classes. There 
is an unbroken continuity of classes in the two papers. 

observations 

In the previous paper, certain families seemed to be composed of three 
classes, one of which was sterile with both parents, while some other 
families consisted of four classes of which one again seemed to be sterile 
with the classes of both the mother and the father. There was no a priori 
ground for doubting this situation, and as the latter type of family was 
identical with that found by Correns, the tentative explanation offered 
previously was based upon the assumption that this situation was correct. 
When families appeared in subsequent generations which seemed to split 
in the same manner, however, the plants which gave sterile results with 
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both testers were retested. When the two testers were again crossed on to 
plants which were sterile with both parents, and if the second tests were 
made a few weeks after the first trials, it was discovered that these plants 
set seed with one of the test plants. For example, plant 62(6) had been 
crossed with plant 62(1) and set no seeds in nine capsules; with 62(5) no 
seeds were produced in six capsules. As plants 62(1) and 62(v5) were fertile 
together and therefore of different classes, plant 62(6) seemed to be sterile 
with both testers. Plants 62(1) and 62(5), by appropriate tests, were shown 
to be of the same classes as their parents, so that family 62 seemed to 
segregate into three classes of which two resembled the parents while the 
third was sterile with both parents. The cross, 62(6)X62(1), had been 
made in the beginning of December 19.U when the plants had just begun 
to bloom, and the other cross, 62(6) X62(5), had been made a few weeks 
later. On March 1, these crosses were repeated when the plants were 
mature but still in good condition. The cross 62(6)X62(5) again yielded 
no seeds in seven pollinations, while the other cross, which had previously 
been classed as sterile, produced 45 seeds in five pollinations, or an average 
of nine seeds per capsule. After this was established, all plants which 
seemed to be sterile with both parents and which could be retested were 
retested later, and in all cases one of the crosses which had been sterile 
proved to be fertile upon repetition. It was impossible, of course, to repeat 
crosses upon plants which had given similar results in previous generations, 
but it is probable that if such could be done, these plants also would prove 
to be fertile with one of the testers and therefore with one of the parents. 
This discovery threw a new light upon the situation. Just what determines 
this early sterility in such cases has not been determined, but it is probably 
not due to self-sterility. It is reasonable, then, to reexamine the data, 
discarding as insufficiently tested all plants in the earlier generations which 
seemed to be sterile with both parents. When this is done, it is seen that 
these families split into two groups which are like the parents or into three 
of which two are like the parents and the third fertile with both parents, 
or that only one class is present and that it is sterile with one parent and 
fertile with the other. For example, family 2 of the previous paper seemed 
to be identical with Correns’s family, segregating into four classes; but 
if the one plant which was sterile with both testers is disregarded, the 
family splits into three classes of five, two, and four plants, respectively. 

When all the families reported previously are reconsidered, assuming 
that plants recorded as sterile with both parents appear to be so because 
of a technical error, it is seen that most families segregate into two groups, 
but that four families consist of all three groups and that these families 
came from the cross AxC. It was the first purpose of this investigation 
to trace such families further. 
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Family 39 was one family that split into three classes, and intra-family 
crosses were tested the following year. Family 62 from the cross 39(5) X 
39(1), or Class BXClass A, contained five plants of Class A and five of 
Class B. Family 63 arose from 39(9)X39(1). Plant 39(9) was Class C, 
and this cross resulted in four plants of Class A, four of Class C and one 
of Class B. Family 64, from 39(9) XvS9(5), contained five plants of Class C 
and five of Class B. The parents were Classes C and B. Family 39, then, 
consisted of classes A, B, and C. Class A XClass B gave the same two 
classes as the parents, and the same was found to be true when the parents 
were of Classes B and C. However, when Classes A and C were inter¬ 
crossed, a family was produced which consisted of all three classes. 

Although this result began to make the situation much clearer, it was 
considered advisable to study the classes which are produced when self- 
sterile segregates from crosses between self-sterile and self-fertile plants 
arc crossed with other plants of the self-sterile species. This point was 
tested in 1932. Families 69, 70, 71 and some plants of 72 served as test 
material to identify the classes of these hybrids. 

Family r3 was the Fi between a Class C plant of C. grandijlora, 26502(7), 
and a plant of the self-fertile species C. rubella. Self-fertility is dominant 
to self-sterility (Riley 1934), and four plants of family r3 were selfed to 
produce an F 2 . All four resulting families split. The self-sterilcs of three 
of these families were all of Class B, while those of the fourth, r 6 , were 
Class C. A heterozygote of family r 6 was selfed to produce family r24. 
Plant r24(15), a self-sterile of Class was crossed with 63(6), which was 
of (lass A, reciprocally. The resulting families, r35 and r37, split into 
Classes A and (1 When r24(15) was crossed with a Class B plant, twelve 
plants of Class C resulted and none of Class B. 

A cross between a Class B plant, 26502(6), and the self-fertile C. tus- 
caloosae resulted in an F 3 family, t26, in which all the self-sterile segregates 
were of Class B. Plant t26(3) was crossed reciprocally with plant 60(1) 
(Class C) and ("lasses B and C were present in each resulting family. 

To omit a lengthy discussion of the families, most of the families of C. 
grandijlora and of hybrids between this species and the three self-fertile 
species which are discussed in this and the previous paper are listed in 
table 1 . This table includes the origin of the families, the genotypes of the 
parents according to the theory outlined in the next section of this paper, 
and the classes expected and those obtained in the offspring. 

DISCUSSION 

Before this more recent work, it appeared that self-sterility in Capsella 
was determined by the same type of gene that appears to control the 
situation in Cardamine, but that balanced lethals with crossing-over 
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Table 1 

Listing the families of Capsella grandiftora and some of the families of the self-fertile species 
and hybrids of the entire study, with their origin in terms of self-sterility genes and the expected and 
obtained classes. 


FAMILY 

I‘A RENTS 

GENOTYPES OF PARENTS CLASSES EXPECTED 

CLASS OBTAINED 

1 

26674(18)X26674(13) 


7A:4B 

2 

26669(50)X26669(49) 


5A:4C:2B 

3 

26664(5S)X26664(31) 


2A:1C 

4 

26502(7)X26502(6) 

ttS^sXttss 

1C:1B 

1C:4B 

5 

26502(6) X26502(7) 

tlssXttS^s 

1C: IB 

4C:2B 

7 

2(2)X1(1) 

ItS'-S'XTlis 

lAilC 

5A:3C 

8 

2(10)X1(11) 

ItS'iXItss 

1C: IB 

7C:3B 

9 

5(5)X2(12) 

ttss X Ths 

1A:1B 

7A:4B 

10 

2(2) XI (2) 

tlS^S^'Xttss 

All C 

IOC 

11 

2(12)X1(11) 

'LtssXttss 

1A:1B 

6A:4B 

12 

2(10)X1(1) 

tiS^'sX Ttss 

2A:1C:1B 

Insuff tested 

13 

5(3) X 2(10) 

llssXttS*s 

1C: IB 

2C:7H 

14 

2(4) XI (2) 

nS^sXttss 

1C:1B 

8 C:6B 

15 

5(6)X4(5) 

IlS'^sXlhs 

1C:1B 

8C:2B 

17 

5(5)X2(12) 

tlS^'sXTlss 

2A:1C:1B 

3 classes 

18 

5(6)X2(12) 

ilS^sX Ttss 

2A:1C:1B 

3 classes 

29 

3(5)X1(1) 

tlS^S^XTlss 

lA:ir 

2 classes 

30 

3(3) X 2(7) 

llS'-S'XIIss 

All C 

10 C 

31 

4(3)X1(11) 

ttS'sXttss 

1C:1B 

3C:7B 

33 

5(1)X4(3) 

tlS^sXUsi 

1C: IB 

6C:4B 

34 

8(1)X8(5) 

ttS^sXttss 

1C: IB 

4C:5B 

35 

8(5)X8(1) 

ttssXttS's 

1C: IB 

4C:6B 

36 

9(2)X12(1) 

ttssXTtss 

1A:1B 

6A:4B 

37 

12(0X9(2) 

TtssXttss 

1A:1B 

5A:5B 

38 

9(6)X10(1) 

TissXtiS's 

2A:1C:1B 

5A:3C:lB 

39 

10(0X9(1) 

IIS'-sX Ttss 

2A:1C:1B 

8A:1C:1B 

42 

8(5)X9(0 

ItssXTtss 

lA'.lB 

6A:4B 

43 

8(5)X14(9) 

ItssXtlS^s 

IC:1B 

3C:7B 

44 

9(2)X9(0 

ItssX Ttss 

1A:1B 

8A:2B 

45 

9(3)X9(0 

ttssXTtss 

1A:1B 

5A:5B 

49 

5(3) X 2(12) 

ttssXTtss 

lA.lB 

6A:4B 

51 

7(4) X 7 Jo 

ttS^sX TtS^s 

4A:3C:1B 

3A:5C 

52 

7(9) X 7(0 

ttS^sXTtS^s 

4A:3C:1B 

3A:7C 

53 

2(2)X1(0 

ilS^S^XTtss 

1A:1C 

7A:2C 

56 

2(10)X1(10 

ttS^sXttss 

1C:1B 

7C:3B 

59 

10(0X9(2) 

ttS^sXltss 

1C:1B 

3C:7B 

60 

35(2)X35(5) 

ttssXtlS^s 

1C:1B 

4C:3B 

61 

36(3)X36(4) 

TtssXttss 

1A:1B 

5A:4B 

62 

39(5)X39(0 

ttssXTtss 

1A:1B 

5A:5B 

63 

39(9) X 39(1) 

ttS^sXTtss 

2A:1C:1B 

4A:4C:1B 

64 

39(9)X39(5) 

ttS^sXttss 

1C: IB 

5C:5B 

65 

42(2)X42(0 

TtssXttss 

1A:1B 

7A:3B 

68 

59(2)X59(0 

ttS''sXttss 

IC'.IB 

3C:3B 

69 

60(2) X 60(1) 

itssXtfS^s 

1C:1B 

2C:5B 

70 

61(3)X61(0 

TtssXttss 

1A:1B 

5A:5B 

71 

62(0X62(5) 

TtssXttss 

1A:1B 

7A:3B 

72 

63(4)X63(0 

ttS^^sXTtss 

2A:1C:1B 

insuff, tested 
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Tabu; I. (Continued) 


rAMlLT 

PAR1CNT8 

OKKOTTPKS OP PAfUBNTS CLABSKfl IXPKCTBD 

CLA88B8 OBTAXNSO 

3333 

60(7)X(j0(l) 

UssXttS*^s 

1C: IB 

4C:6B 

3334 

61(8)X61(3) 

UssXTtss 

1A:1B 

5A:4B 

3335 

69(2)X69(1) 

ttS^sXUss 

1C:1B 

8C:2B 

3336 

70(9)X70(1) 

TissXtiss 

1A:1B 

J0A:1B 

3337 

2(n)Xl(ll) 

TlS'^S‘XUss 

1A:1C 

4A:2C 

33.38 

2(12)X1(11) 

TtssXUss 

)A:1B 

5A:3B 

3342 

.39(.3)X39(5) 

TtS^sXUss 

2A:1C:1B 

1A:9C:10B 

3343 

39(4)X39(5) 

TlssXUss 

1A:1B 

6A:10B 

3344 

39(6)X39(5) 

TtssXths 

1A:1B 

8A:7B 

3345 

.39(7)X39(5) 

TtssXUss 

1A:1B 

3A:10B 

3348 

63(9)X63(2) 

TlssXUS‘s 

2A:1C:1B 

5A:12C 

3349 

70(3)X69(2) 

TtssXtiS^^s 

2A:1C:1B 

12A:3C:5B 

r3 

26502(7)X26322 

ttS'sXUStSf . 

self-fertile 

self-fertile 

r7 

r3(2)Xsel{ 

ttShXseli 

self-steriles« B 

IB identified 

r6 

r3(4)Xself 

tlSiS^XxV. 

self-steriles=s C 

9C 

r8 

r3(5)Xself 

ttShXseU 

self-steriles= B 

IB identified 

rl2 

r3(3)Xself 

ttShXsdi 

self-steriles=B 

IB identified 

r24 

r6(56)Xself 

US'S^Xsell 

self-steriles*C 

1C identified 

r30 

r24(3)Xself 

USiS‘XseU 

self-steriles=C 

6C identified 

r32 

r24(5)XseU 

//5/5‘=Xself 

self-steriles*= C 

20C identified 

r34 

r24(9)Xself 

USfS^XseU 

self-stcriles=* C 

3C identified 

r35 

63(6)Xr24(15) 

TtssXttS'S’’ 

1A:1C 

4A:2C 

r36 

r24(15)X64(l) 

tlS‘S^XUss 

AllC 

12C 

r37 

r24(15)X63(6) 

tlS^S'XTtss 

1A:1C 

3A:2C 

3350 

r32(l)X70(7) 

US'S'XUss 

AllC 

24C 

335) 

r32(l)Xr35(l) 

US^S‘XTtS^s 

14:lC 

14A:6C 

tl 

26502(6) X 26.323 

UssXllSfSf 

self-fertile 

self-fertile ' 

tl2 

tl(3)Xself 

ttShXseU 

self-steriles*B 

IB identified 

t26 

tl2(16)Xself 

ttShXseV 

self-steriles»B 

8B identified 

t36 

t26(ll)Xself 

tlStsXsell 

self-steriles=»B 

IB identified 

t37 

t26(13)Xself 

tlSfsXsti! 

self-steriles«B 

lOB identified 

t38 

t26(15)Xself 

ttShXseV 

self-steriles“B 

IB identified 

t47 

60(l)Xt26(3) 

US^sXUss 

1C:1B 

6C:4B 

t48 

61(3)Xt26(3) 

TtssXUss 

1A:1B 

4A:4B 

t49 

t26(3)X60(l) 

UssXttS's 

1C:1B 

4C:2B 

t50 

t26(3)X61(3) 

ttssXTtss 

lArlB 

4A:2B 

3352 

t48(l)X 149(4) 

TtssXttS‘s 

2A:1C:1B 

10A:3C:5B 

vl 

26502(7)X26324 

ttS'^sXUS'Sf 

self-fertile 

self-fertile 

v2 

vl(2)Xself 

UStsXseU 

self-steriles*B 

9B identified 

v3 

vl(6)Xself 

UStS^Xself 

self-steriles*C 

7C identified 


might account for the small numbers of certain classes in some families. 
To check this point, counts were made of the number of seeds and of 
aborted ovules per capsule and of seed germination to learn whether 50 
percent seed abortion due to balanced lethals took place. The percentage 
of viable seed to aborted ovules was extremely variable (from about 16 
percent to 90 percent) and there were no indications that balanced lethals 
were in operation. 




30 HERBERT PARKES RILEY 

The realization that certain classes seemed to be sterile with both par¬ 
ents because of an error in technique, particularly due to pollination when 
the female plant was too young, made untenable any theory analogous to 
that of CoRRENS; another explanation was sought. To account for self¬ 
sterility in Capsella, it must be borne in mind that the self-sterile species 
is a diploid (n =8) and not a tetraploid, as are C. bursa-pastoris, the com¬ 
mon species of Shepherd’s-purse, and most other species of the genus. 
C. rubella, C. tuscaloosae, and C. Viguieri arc also diploids. Chromosome 
counts by Hill (1927) and Manton (1932) established this, but con¬ 
firmation for this material was sought by examining a number of plants 
during the last few generations. All showed that the 2n number is 16. 
The chromosomes are small, and good meiotic figures arc few and difficult 
to obtain, but the diploid nature of these plants is unmistakable. 

In formulating an explanation for the genetic situation in Capsella, 
several important results must be considered. In the first place, when one 
of the parents was of Class A, this class always appeared in the progeny. 
This was not true of Class B, for BXC gave only C in several cases of 
rather large families. Further, when Class B was crossed to a self-fertile, 
the F 2 self-sterile segregates were all of Class B, while Class C, when 
mated with a self-fertile, produced F 2 families in which all the self-stcriles 
were either Class B or Class C. These observations can be accounted for 
by supposing that the sporophytic nature of any two plants determines 
whether they will be mutually sterile or fertile, and that self-sterility and 
cross-sterility are controlled by two pairs of genes. The best assumption 
is that all plants of Class A are sterile together because they possess a 
dominant gene, T. Any two plants having this gene will be reciprocally 
cross-sterile, but any plant which lacks T and is therefore It will be fertile 
with any plant which has T. From this it is seen that T must always exist 
in a heterozygous state, since a plant bearing it can set seed with U plants 
only. Classes B and C must be tt in order to be fertile with Class A, and 
the differential in this case is another pair of genes which will be designated 
S‘ and s. The gene T is cpistatic to these others. In the absence of T, 
plants which bear the dominant gene of this second pair will be recip¬ 
rocally cross-sterile and will belong to Class C. Finally, the ultimate re¬ 
cessive, ttss, will represent the genotype of Class B plants. In the absence 
of either dominant gene the combination ttss acts to produce incompati¬ 
bility with all other plants of the same genetic constitution. 

If this assumption be correct, Class A X Class B and the reciprocal will 
reproduce the same two classes if the genotypes of the parents are Ttss 
and ttss. However, the plants of Class A may bear the gene 5* in homozy¬ 
gous or heterozygous condition since it is hypostatic to T, and if a plant 
of that nature is mated with one of Class B, Class C will appear in the 
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progeny. In some cases, Class B X Class C produced both parental classes, 
while in several families, only Class C was found. This would be expected 
if the Class C plants had as their respective genotypes US'’s and tlS^S‘. 
If a Class A plant which is TtS's is mated with a plant of Class C (either 
iLS'’S‘ or US‘s), the cross will be fertile in spite of the presence of the 5' 
gene in both plants, since T is epistatic to S° and completely nullifies the 
action which the S‘ gene would have in the absence of T. Since T cannot 
be obtained in a homozygous state, there are six possible genotypes which 
represent the three intra-sterile, inter-fertile classes in Capsella. The 
results obtained from all the possible combinations of these genotypes are 
shown in table 2. 

Tablk 2 

IntTii-slvrile intc^-fertile classes of C. grandijlora with their genotypes and the results of all the possible 
combinations between these genotypes. 

CL\B8 A CLARR C CLASS B 

mi? mi 7 m IIS'S' liS't uu 


F E F 

F F F 

F F F 


US'S' F F F S S F 

US's F F F S S F 

tlss F F F F F S 


There are eleven possible combinations of these genotypes which will 
be fertile, excluding reciprocal crosses, since they always give the same 
results. Of these possibilities, six had been tested before 1933. The possible 
combinations and the families which illustrate them are tabulated in 
table 3. The only families which were tested sufficiently and which did not 
split into the classes expected according to the nature of theif'parentage 
were families 51 and 52. These arose from crosses within family 7 which 
in turn came from the cross 2(2)Xl(l), or Class CxClass A. Plant 2(2), 
when mated with Class B [plant 1(11)] produced family 10, which was 
composed of Class C plants only, so that plant 2(2) must have had the 
constitution When mated with 1(1), it should have produced 

Classes A and C in family 7, which it did; these plants should have been 
TtS‘s and W5'i. When two cross-fertile plants of family 7 were crossed, 
the offspring should have been Classes A, B and C. In both 51 and 52, 
however, only A and C were found. The only explanation that can be 
offered is that when the two test plants of the families were crossed onto 
their aiha,. the one or two plants which were of Class B were too young 
and api^ared to give sterile results with the A or C testers instead of being 


TtS'S' S S S 

TlS's S S S 

riis s s s 
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fertile with both. The cross 51(4) X51(l) produced one seed in seven cap¬ 
sules and possibly would have been fertile had the cross been made later 
in the life of the plant. Had this occurred, plant 51(4) would have been 
recognized as belonging to Class B. The same is true of plants 52(5) and 
52(8). The complicating sterility condition mentioned earlier in this paper 
is probably the reason why only two classes were identified in these two 
families. 


Table 3 


Possible combinations of genotypes giving fertile results y the genotypes and phenotypes of the offspring 
and all the families which illustrate them. 


PHI NO 

TYPW 

ofCBoea 

ocnottpub or 

CKC8S 

1 

ONNOTTPHB Of OPrSPRlNQ 

PHINOTYPES OP 

OPP8PRING 

rAMILIBB 

AXB 

TtS‘S‘Xttss 

TtS‘s+ilS‘s 

A-fC 

3337; 

AXB 

TtS^'sXttss 

TtS^s-^^Ttss-i-ttS^s-^itss A-f-B-|-C 

3342; 

AXB 

TtssXttss 

Ttss-i-ttss 

A+B 

1; 9; 11; 36; 37; 42; 44; 45; 49; 





61; 62; 65; 70; 71; t48; tSO; 





3334; .3336; 3.3.38; 3343; 3344; 





3345; 

AXC 

TlS‘S’XUS'S‘ 

r<5'S“+/<S'5‘ 

A+C 

none; 

AXC 

TtS‘S*XttS'’s 

TtS<^s+US‘S<^ 





+tlS‘s 

A-fC 

none; 

AXC 

TtS‘sXltS‘S^ 

TtS^S^-\-TtS^s-^ttS^S 

AH-C 

3351; 



+US‘s 



AXC 

TlS‘sXUS‘s 

TtS'S‘+TtS‘s+Ttss 











A-l-B-l-C 

2; 

AXC 

TtssXUS‘S’ 

TtS^s-^ttS^s 

A-fC 

7;53;r35;r37; 

AXC 

TtssXuS‘s 

TtS^s+TtssHtS^s 





•fWw 

A+B+C 

18; 38; 39; 63; 3349; 3352; 

BXC 

ttssXUS‘-S‘ 

ttS^s 

C 

10;30;r36;3350; 

BXC 

UssXUS‘’s 

ttS*'s-^ttss 

B-hC 

4; 5; 8; 13; 14; 15; 31; 33; 34; 35; 





43; 56; 59; 60; 64; 68; 69; t47; 





t49;3335 


In order to test the validity of the theory outlined above, an additional 
generation was raised in 1933-34, with the families so set up as to produce 
definitely predictable classes. Families 3333, 3334, 3335 and 3336 were 
used as test families, producing Classes A, B, and C which were used to 
identify the classes of the other families. Family 3337 came from the cross 
2(11)X1(11), or Class AxClass B. As these seeds were old, the percent 
of germination was poor and only six plants reached maturity. Four were 
Class A and two were Class C, which would indicate, in spite of the small 
population, that plant 2(11) was TtS^S’. This is quite probable if one 
examines the ori^n of family 2. Tests of plant 2(12) had indicated that 
it was Ttss (Class A). A cross between this and the Class B plant, 1(11), 
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produced family 3338. From its origin, it was expected to split into Classes 
A and B only. There were five plants of Class A and three of Class B. 
A similar set-up produced families 3343, 3344 and 3345. In all these 
families, the Class B parent was plant 39(5), which, it will be remembered, 
belonged to a family which had segregated into all three classes. When 
crossed with three plants of Class A, plant 39(5) produced only Classes A 
and B in families 3343, 3344 and 3345. 

Family 3342 is interesting. The parents were 39(3) and 39(5), or Class 
A and Class B. Twenty plants were raised, and tests showed that one 
was of Class A, ten of Class B and nine of Class C. When one parent of a 
cross is Class A, this class invariably appears in the progeny because of 
the epistasis of the gene T which is present in plants of Class A. The small 
size of this class in family 3342 was probably the result of test pollinations 
upon Class A plants in this family when the plants were too young to give 
their mature sterility reactions. The splitting of this family into all three 
classes from the cross of A X B indicates that the plant of Class A which was 
used as a parent had the genetic constitution TtS'^s, which is perfectly in 
accord with expectations considering the origin of family 39. 

The only family of this series which did not give the expected classes 
was family 3348. The parents of this family were 63(9) (Class A) and 
63(2) (Class C). From the origin of family 63, the plants of Class A had 
the genetic constitution of TlS's or Ttss, while all Class C plants were 
ttS'^s. Irrespective of which type of plant of Class A was selected, the 
progeny should have produced all three clas.ses. A, B, and C. In family 
3348, however, there were five plants of Class A and twelve of Class C, 
but none of the other expected class, B. Undoubtedly, this absence of 
plants of Class B is due to the action of this peculiar complicating sterility 
which has been described. The presence of Class C in such unexpectedly 
large numbers indicates that some plants classed as belonging to this 
class were probably Class B plants which showed sterility with the Class 
C tester because of this juvenile s terility. I'here was no time to repeat the 
crosses. It is this complicating condition which has made an analysis of 
genetics of self-sterility in this species so difficult. 

Plant 70(3) was a plant of Class A which must have been homozygous 
for the gene s, according to the origin of the family. This was crossed with 
plant 69(2), a plant of Class C with the constitution US'^s. Such a cross 
should have produced Classes A (TtS‘s and Ttss), B (ttss), and C (US°s). 
This cross produced family 3349, and tests upon this family showed that 
there were twelve plants of Class A, five of Class B, and three of Class C. 
This was the expected result, and the numbers of each class are not far 
from the theoretical, which would be 10A:5B:SC. 

Two famUies used for these corroboratory tests were from crosses in- 
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volving the F 4 self-sterile segregate r32(l). Family r32 originated from a 
selfing of the heterozygous self-fertile plant r24(5) which had come down 
from a cross between Capsella grandifiora (Class C) and a plant of C. 
rubella. Twenty self-sterile segregates of family r32 were all of Class C 
and the heterozygous parent was therefore Self-fertility is dom¬ 

inant to self-sterility. The evidence for the location of the factor for self- 
fertility is not so conclusive as it would be had self-fertile plants been 
crossed with self-steriles of Class A, but from the data on hand, it can be 
assumed that this gene is an allele of the S^-s series and dominant to both 
5' and s. Also, it seems to be epistatic to the gene T. Plant r32(l) was 
undoubtedly ttS‘S‘ as it is a self-sterile segregate from the self-fertile plant 
whose genetic constitution was Plant r35(l) (Class A) has been 

shown to have come from a self-sterile segregate of Class C crossed with 
a pure C. grandifiora plant of Class A, and plant r35(l) was TtS''s in 
constitution. A cross between it and r32(l) produced family 3351 which 
split into fourteen plants of Class A and six of Class C as expected. When 
the same female plant, r32(l) was crossed by a plant of Class B,70(7), 
only plants of Class C should be expected, and they should have the genes 
ttS‘s. Family 3350 arose from such a cross and was composed of 24 plants 
all of which were of Class C. 

The final family which was examined in this generation was 3352, and 
it resulted from seeds of the cross t48(l) Xt49(4). Family t48 resulted 
from a cross between a plant of Class A which was homozygous for s and 
a self-sterile segregate which was Uss. Therefore, plant t48(l), since it 
was of Class A, had the constitution Ttss. Family t49 came from the same 
plant of Class B which produced t48 and a plant of Class C, which had 
the constitution US‘s. Plant t49(4) was When the cross t48(l)X 
t49(4) was made, it was predicted that the offspring would split into three 
classes, since TtssXTtS‘s should give Class A {TlS^s and Ttss), Class B 
(ttss), and Class C (ttS’’s). In family 3352, there were ten plants of Class A, 
five of Class B and three of Class C, which is not far from the expected 
numbers 9, 5 and 4. 

These more recent tests show that the explanation of a two-factor situa¬ 
tion with one gene epistatic to the other pair and of the determination of 
self-sterility, cross-sterility and cross-fertility by the sporophytic nature 
of both parents is a tenable theory. As regards the genetics of self-sterility 
in C. grandifiora, the same type of genes appears to be present as have been 
found to control both heterostyly and self-sterility in Lytkrum salicaria 
(East 1927). In the latter case, the genes A, a, B and h produce two 
results, one morphological (heterostyly) and the other phydological (self¬ 
sterility). The same kind of genes in Capsella, however, has no morpho¬ 
logical effect and produces only self-sterility. 
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In this study on Capsella, the^ize of the individual families is small, but 
in several cases, the same type of cross produced a number of families. In 
table 3, the families produced by the various combinations of genotypes 
are listed. I'he summation of the numbers in each class in all the families 
of several matings are cited below. 

TlssXltss (22 families) = 130A:97B. Expected 113.5:113.5 

TtssXttS’^S‘ i 4 families) = 19A: 9C. Expected 14 : 14 

rtssXttS^s ( 5 families) = 39A:14C:13B. Expected 33 : 16.5:16.5 

UssXUS'’s (20 families) = 92C:87B. Expected 89.5: 89.5 

While the deviations from the expected are not large, it is suggestive that 
the double recessive class, Uss, is below expectation in all three types of 
mating where it has appeared. Class A, which contains the epistatic factor, 
T, exceeds expectation in the three types of mating in which it is involved. 

PHYSIOLOGY OF SET.F-STEKILITY 

In the previous paper to which frequent reference has been made (Riley 
1932), it was suggested that .self-sterility was due to a failure of the pollen 
to germinate in an incompatible mating. Further studies corroborate this 
finding. In fertile crosses, the pollen tubes^an be seen leaving the pollen 
grains and passing among the large cells at the top of the stigma; it is 
difficult to trace the tubes further, but there is no doubt that the pollen 
grains have germinated. In a sterile combination, the picture is very 
different. About ninety-nine percent of the pollen grains fail completely 
to germinate; those that do germinate, send out short tubes which never 
elongate and which flatten out against the cells of the stigma without 
growing down among them, or which in some instances grow away from 
the stigma as is illustrated in figure 1. 

In Nicotiana, the pollen germinates in all self- and cross-pollinations. 
In fertile combinations, the rate of pollen-tube growth is accelerated by 
chemical substances secreted by the pistil (East and Park 1918), while 
in sterile matings, the growth curve is depressed after twenty-four hours 
(East 1934). In Petunia violacea, Yasuda (1934) showed that self-sterility 
is caused in part by the failure of pollen to germinate, but chiefly by 
differential pollen-tube growth. 

East (1934) maintains that substances are present in the stigma of the 
mature flower which react with substances in the pollen tubes, resulting 
in a slowing up of the growth of the tubes in a sterile combination. In 
most plants, these substances are not present in the young bud, and appear 
during the twenty-four hours just preceding the opening of the flower. In 
certain self-sterility genotypes, these substances are developed even 
earlier, and no bud pollinations can be procured. The behavior of pollen 
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grains in self-sterile matings of Capsella is different from the situation in 
Nicotiana, but this difference is probably not a fundamental one. In 
Nicotiana (East 1934), these substances appear to be present in a certain 
region of the stigma. When the tubes reach this place, their growth-rate 
slows up markedly, but after this zone of interference is passed, the growth 
curve again approaches a straight line. In Capsella, it seems that the same 
sort of reaction occurs, but that the zone of interference is located at the 



Figure 1. —Stigmatic hairs of Capsella grandijlora^ showing abnormal pollen germination in 
incompatible matings-(Left) pollen tubes flattened against the stigmatic hairs; (Right) a pollen 
tube growing away from the stigma. Such cases are exceptional, for most pollen grains do not 
germinate in an incompatible combination. Aceto-carminc smears, drawn with camera lucida, 
at table level with 40 objective and 15X ocular. 


very.end of the stigma in the stigmatic hairs. Instead of slowing up pollen 
tubes which had begun active growth, the stigmatic substances are pro¬ 
duced at such a place in the pistil that the grains do not germinate or at 
most produce tiny, abortive tubes. It is probable that not only are these 
substances located higher in the stigma, as the non-germination of most 
of the pollen grains would indicate, but that they are more powerful, for 
even when a few tubes do germinate, they cannot enter the stigma. 

In Nicotiana, self-sterility is determined by the diploid or sporophytic 
nature of the female and the haploid or gametophytic nature of the male. 
If a plant has the genes and 5*, secretions reflecting their nature would 
be present in the tissues of the style. If the pollen grains from a plant whose 
genetic constitution is s’s® are placed upon this stigma, the i* grains send 
out tubes which are accelerated in growth and which eventually fertilize 
the ovules. The grains which bear the s* gene also germinate, but there is 
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a reaction between the pollen-tubes which come from them and the sub¬ 
stance in the style which is produced by the gene in the female plant. 
This reaction has a depressive effect on the growth-rate of the tubes. The 
tubes which bear the gene are solely 5* in nature. The pollen mother 
cells of this plant were sV and the pollen grains have cither the or 
genes. Their pollen-tubes are either j* or 5 ® in reaction. It is reasonable to 
assume that when the nuclear membrane disappeared during the first 
division of the microspore bearing the 5' gene, substances secreted by this 
gene diffused out into the cytoplasm so that the cytoplasm shows the 
reactions characteristic of this gene. 

In Capsella grandijlora, self-sterility, cross-sterility, and cross-fertility 
are determined by the sporophytic nature of both the male and female 
plants, as is also true of Lythrum. If a plant has the genes ttS'S% it behaves 
like a plant of Class C and is sterile with all other plants bearing the genes 
tt and 5'' in combination. When a Class C plant of the genetic constitution 
llS'^s undergoes reduction, the microspores are either or ts. If the pollen 
grains of this plant are placed upon the stigma of the plant, those 
whose constitution is (S' fail to germinate, but those which arc ts also do 
not germinate in spite of the absence of the S' gene in their make-up. On 
the other hand, pollen grains bearing the genes Is and which came from 
the JB Class (tlss) will germinate readily. A plant with the constitution 
TtS'S' will behave as a plant of Class A. If this is crossed by another plant 
of Class A, the genotype of which is Ttss, the result will be sterility al¬ 
though the individual pollen grains of this second plant will be either Ts 
or ts. The ts pollen, on the other hand, from a ttss or a ttS's plant will 
germinate on and produce seeds with the plant TtS'S'. d'he pollen mother 
cells of the Ttss plant will undergo reduction to form grains of which the 
genes will be Ts or ts, but the cytoplasm of these grains will react alike. 
It is plausible to assume, then, that at the first meiotic division, when the 
nuclear membrane is broken down, substances produced by the T gene 
disseminate into the cytoplasm so that at telophase the nuclei are Ts or ts 
as to their genes, while the cytoplasm of all the cells is T in its reacting 
properties. This cytoplasmic nature persists throughout the ensuing 
divisions after the first meiotic division, so that all the male gametophytes 
have cytoplasm which reacts like that of the sporophyte from which the 
gametophyte developed. For that reason, the pollen grains which have 
only ts genes but which came from a sporophyte of the constitution Ttss 
react like the Ts pollen grains from the same sporophyte, but react entirely 
differently from ts pollen grains from a ttss sporophyte. The nature of the 
reacting cytoplasm of pollen grains in Capsella, therefore, is determined 
probably by a release of nuclear material during the last cell division of 
the sporophyte generation and the persistence of its ability to function. 
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SUMMARY 

1. Three intra-sterile, inter-fertile classes only have been found in 
Capsella grandijlora and are designated as Classes A, C and B. 

2. Class Ax Class C will produce Classes A and C or Classes A, B and 
C, but never Classes A and B only. Class A X Class B will produce Classes 
A and B or Classes A, B and C or Classes A and C. Class B X Class C will 
produce Classes B and C or Class C only, but never a plant of Class A. 
Reciprocal crosses are always alike and produce the same classes in every 
case. 

3. When a plant of C. grandijlora of Class B is crossed with a self- 
fertile species, all the self-sterile segregates in the F* are of Class B. When 
Class C is mated with a self-fertile plant, the self-sterile Ft plants in some 
families will be Class C and in others 'will be Class B, but all the self- 
steriles in any one family are of the same class. 

4. Self-sterility appears to be due to two pairs of genes, Tt and S's. 
T is epistatic to S''. All Class A plants bear the gene T and are sterile to¬ 
gether reciprocally, irrespective of the nature of the other genes. Since 
fertile results will be produced only when a T plant is crossed with tt, no 
plants homozygous for T are found. Class C plants are all tt and bear the 
gene 5' which may be homozygous or heterozygous. All plants with either 
one or two doses of this gene will be mutually inter-sterile. Plants of Class 
B are ttss and arc all sterile together. The sporophytic nature of the two 
plants entering into a cross determines whether or not seeds will be pro¬ 
duced. From available data, self-fertility appears to be caused by a gene 

which forms a third member of the allelic series S^-S'-s and which is 
dominant to either of the other two genes. It also appears to be epistatic 
to the gene T. 

5. Pollen grains bearing the genes ts will be sterile upon a plant of the 
nature TtS^S^ if they came from a plant whose genetic constitution was 
Ttss or TtS^s, but will be fertile upon TtS^S' if the plant from which they 
were derived was ttss or ttS‘s. This and other evidence indicate that there 
is a release of nuclear material into the cytoplasm during the reduction 
division of the pollen mother cells and which shows its effect in the cyto¬ 
plasm of the mature pollen grain. 

LITERATURE CITED 

CoRRENs, Care, 1912 Felbststerilit£t und Individuslstoffe. Featachr. med.-nsturwiss. Geaell. 

*ur 84. Versamnil. deutsch. Naturforsch. u. Arzte, Munster (Westf.) 186-217. 

East, E. M., 1927 The inheritance of heterostyly in Lythrum salicaria. Genetics 12:393-414. 

1934 The reaction of the stignutic tissue against pollen-tube growth in selfed sdf-sterile 

plants. Proc. Nat. Acad. Sd. Washington 20; 364-368. 

East, E. M. and Makgelsdorf, A. J.,*1925 A new interpretation of the hereditary behavior 

of seif-sterilepluits. Proc. Nat. Acad. Sd. Washington 11:166-171. 



SELF-STERILITY IN CAPSELLA 39 

East, E. M. and Park, J. B., 1918 Studies on self-sterility. II. Pollen-tube growth. Genetics 
3: 353-366. 

Filzer, Paul, 1926 Die Selbststerilitai von Veronica syriaca. Z.I.A.V. 41 :137-197. 

Hill, Samuel E., 1927 Chromosome numbers in the genus Bursa. Biol. Bull. 53:413-415. 

M ANTON, Irene, 1932 Introduction to the general cytology of the Cruciferae. Ann. Bot. 46: 
509-556. 

Riley, H. P., 1932 Self-sterility in ShepherdVpurse. Genetics 17; 231-295. 

1934 A further test showing the dominance of self-fertility to self-sterility in ShepherdV 
purse. Amer. Nat. 68:60-64. 

Yasuda, S., 1934 Physiological research on self-incompatibility in Petunia violacea. Bull. Imp. 
Coll. Agric and Forestry, Morioka 20: 1095. 



CYTOGENETICS OF HYBRIDS BETWEEN ZEA MAYS 
AND EUCHLAENA MEXICANA^ 


T. J. ARNASON* 

University of Saskatchewan^ SaskaiooHy Canada 
Keceived August 18, 1935 

INTRODUCTION 

U ndoubtedly specific and generic as well as lesser differences may 
be largely attributed to differences in the chromosomes. Detailed 
analysis of gene and chromosome differences between related genera is sel¬ 
dom possible because of sterility and lack of genetical or cytological in¬ 
formation. A striking exception is provided by Zea mays L. and Etuhlaena 
mexicana Schrad. Between these distinct species highly fertile hybrids are 
easily obtained. Genetic and cytological work with maize is sufficiently 
advanced to make analysis of hybrids profitable. 

Linkage groups as well as cytological markers have been established for 
all 10 chromosomes in Zea mays. In some cases the approximate position 
of genes on a chromosome has been determined. Some of the most useful 
chromosome markers have been obtained as a result of the recent work 
with segmental interchange strains. The meiotic prophase crosses and 
rings which appear in maize heterozygous for an interchange make 
identification of the chromosomes concerned relatively easy. 

A consideration of these facts led to the belief that hybrids of maize and 
annual teosinte would be exceptionally favorable material for cytogeneti¬ 
cal studies. From the study of hybrids it was hoped that a clearer knowl¬ 
edge of the similarities and differences of the chromosomes of maize and 
its relative, annual teosinte, would be obtained. Knowledge of this kind 
is useful in estimating the evolutionary processes which have been effective 
in the differentiation of the two forms studied. 

Three varieties of annual teosinte are recognized: Florida, Durango, 
and Chaleo. The latter two varieties have been found growing wild in 
Mexico (Collins, 1921), whereas the cultivated Florida variety is thought 
to have come originally from Guatemala. Recently, Collins (1932) has 
reported that an annual teosinte resembling the Florida variety has been 
discovered which is native to that region. 
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Morphologically, Euchlaena mexicana differs markedly from Zea mays 
especially in ear characters. Beadle (1932) reports that the Florida 
variety is the only one which, when crossed with maize, produces notice¬ 
ably sterile hybrids. The variety Durango, used to a lesser extent in our 
crosses, produces hybrids which appear to be almost completely fertile. 
A rather surprising fact reported by Beadle (1932) is that hybrids be¬ 
tween the Florida and Durango varieties are highly sterile, about 67 
percent of the pollen grains being deficient in starch. In this case inter¬ 
varietal sterility is greater than the inter-generic sterility found when 
either of these varieties is crossed with maize. 

All 3 varieties of E. mexicana have the same chromosome number 
(n = 10) as has Zea mays. The morphological features of the chromosomes 
of the Florida variety are similar to those of maize (Beadle, 1932), except 
for the presence of terminal knobs on 8 of the 10 chromosomes. As in 
maize, a satellite chromosome is present. 

MATERIALS AND METHODS 

To test the pairing relations of particular maize chromosomes with cor¬ 
responding teosinte chromosomes, hybrids were obtained between teosinte 
and maize strains homozygous for known reciprocal translocations. 
A descriptive terminology introduced by Anderson (1935) is now used in 
denoting the various reciprocal translocations in maize. Thus, Tl-2a is 
homozygous for the reciprocal translocation between chromosomes 1 and 
2 which was first described. Tl-2b would apply to a second translocation 
involving the same 2 chromosomes. Ordinary maize will be referred to in 
this pai>er by the old term o-normal to distinguish it jfrom translocation 
types. 

McClintock (1930), Cooper and Brink (1931) and others have shown 
that in maize heterozygous for an interchange involving 2 chromosomes, 
the 2 interchange chromosomes and the 2 “normal” ones with which they 
pair form a characteristic cross-shaped figure at pachytene stages of the 
first meiotic division. The cross complex opens out at diakinesis into a ring 
of 4 chromosomes. The formation of these cross-shaped complexes has 
added to the proof that prophase pairing of chromosomes is determined 
by homology of the pairing strands. 

It was expected that structural differences between maize chromosomes 
and their respective teosinte “homologs” in hybrids would be revealed 
by modification of the structure of the cross-shaped complex, and by re¬ 
duction in number or absence of chromosome rings at diakinesis and equa¬ 
torial plate stages. In each such hybrid, pairing of both ends of 2 or more 
chromosomes is tested simultaneously. A list of the translocation stocks 
of maize used is given in table 1. 
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Anthers were fixed in various modifications of Carnoy’s solution. 
Cooper’s (Cooper and Brink 1931) modification (2 parts chloroform: 
2 parts glacial acetic:6 parts absolute or 95 percent alcohol) gave satis¬ 
factory results. After fixation for 2~10 hours, the material was washed in 
two changes of 95 percent alcohol and preserved in 80 percent or 70 per¬ 
cent alcohol. The best smear preparations were obtained from anthers 
freshly placed in 80 percent or 70 percent alcohol. 


Table 1 

Translocation stocks of maize used in crosses with teosinle. 


MAIZE STOCK 

NEW TERMINOLOGY 

CUKOMOBOMES INVOLVED 

IN TRANSLOCATION 

DESCRIBED BY 

Tl-2a 

1 and 2 

Brink 1927. 

Cooper and Brink 1931. 

Tl-6a 

1 and 6 

Cooper and Brink 1931. 

Tl-2aTl-6a 

1, 2 and 6 

Brink and Cooper 1932. 

Tl-7a 

1 and 7 

Burnham 1930. 

T5-7a 

5 and 7 

from Anderson—not described. 

T4-8 

4 and 8 

from Anderson—not described 

T8-9a 

8 and Q 

Burnham 1930. 

McC'lintock 1930, 1931. 

Creighton and McClintock 1931. 

Tl-2aT8-9a 

] and 2 

8 and 9 

Burnham 1930. 


For the smear preparations, irpn-aceto-carmine of almost full strength 
was used. Occasionally dilution by the addition of a little 45 percent 
glacial acetic was found desirable. Slight pressure was applied to the cover 
slip and the slide gently heated several times over an alcohol lamp as 
recommended by McClintock (1930). 

Crosses between link age-tester stocks of maize and Florida and Durango 
teosinte were made to determine crossover values in the hybrids. The Fi 
hybrids were backcrossed to the maize parent type in most cases and 
crossover percentages determined from the character of the backcross 
generation. 

At the latitude of Madison, Wisconsin (43°), the Florida and Durango 
varieties of teosinte do not flower under field conditions until late Sep¬ 
tember or early October. Plants from vernalized seeds, treated as recom¬ 
mended for maize by Lyssenko (see Whyte and Hudson 1933) did not 
flower appreciably earlier than untreated plants. Short-day treatment as 
described by Emerson (1924), begun May 15 on plants 1 month old was 
effective, however, in hastening the flowering period. Both Florida and 
Durango teosinte so treated began shedding pollen in the first week of 
August. However, this was not early enough to allow all the desired 
crosses to be made. 
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CYTOLOGICAL OBSERVATIONS ON Fi HYBRIDS BETWEEN MAIZE 
AND ANNUAL TEOSTNTE OF THE VARIETIES 
FLORIDA AND DURANGO 

O-normal maize XFlorida teosinte 

No lack of pairing could be detected in the late pachytene stages. At 
diakincsis and at equatorial plate stages (plate lA) an unequal open, or 
end-to-end, pair (a, a'), sometimes appearing as 2 univalents, could be 
distinguished in slightly over vSO percent of the cells (table 5). A somewhat 
larger unequal pair was detected in 20 percent of the cells. 

In describing microsporocytes from similar hybrids Beadle (1932) 
found diakincsis i)airing regular except for the presence of 2 unequal 
univalents in about 50 percent of the cells examined. Less frequently he 
observed 4 univalents. Our results are in agreement. Two hetcromorphic 
pairs are present in maizc-Florida hybrids. The members of these pairs 
fail to remain attached, or are attached only at one end, in an appreciable 
proportion of the microsporocytes at diakincsis and equatorial plate stages. 

0-normal maizeXDurango teosinte 

In the relatively few figures examined, no univalents were found. One or 
2 end-to-end pairs, perhaps indicating a somewhat reduced chiasma fre¬ 
quency for those pairs, were present in about 25 percent of the cells 
examined (plate IB, a, b). 

Chromosome 6 of maizCy in maize-teosinfe hybrids 

The sixth chromosome of maize can be recognized in a high proportion 
of meiotic prophase figures by the satellite at one end by which the chromo¬ 
some is attached (or appressedj to the nucleolc. In hybrids of maize with 
Florida teosinte pairing of the sixth maize chromosome with a corresponding 
teosinte chromosome is complete. Attempts wTre made to count the num¬ 
ber of chiasmata present. The counts given in table 2 were made from 
diakincsis stages. Chiasmata were found to be not confined to any re¬ 
stricted region of the chromosome. If chiasmata are related to genetic 
crossing over, either as cause or effect, then in hybrids of Florida teosinte 
and maize, crossing over in this chromosome should be a rather common 
phenomenon. 

Relatively few counts have been made on chiasma frequency in the 
sixth chromosome in maize-Durango hybrids. As with Florida hybrids, 
however, the modal number appears to be 2. The figures given here for chi¬ 
asma frequency may be too low, since in the case of interstitial chiasmata 
it is often impossible to determine whether more than I is present. The 
lower figure was recorded in such doubtful cases, A size difference, if there 
is any, could not be established as existing between the sixth chromosome 
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EXPLANATION OF PLATE 1 

The figures were drawn with the exception of M with a Spencer compens 20 X ocular and a 2 

mm Lcitz achromatic objective N.A. 1.32, at tabic level with the aid of an Abbe camera lucida. 

With a tube length of 160 mm a magnification of about 2720X was obtained. The figures have 

been reduced two-thirds in reproduction. 

A: 0-norroal maizeXFlorida teosinte. Equatorial plate stage. 9 bivalents and 2 unequal uni¬ 
valents (a, a'). 

B: 0-normal maize X Durango teosinte. Diakinesis stage. 10 pairs of chromosomes. 2 pairs 
end-to-end (a, b). 

C: Tl-2a maizeXFlorida teosinte. Diakinesis stage. Tl-2a ring of 4 chromosomes, 7 pairs and 
2 unequal univalents (a, a'). The components of one of the end-to-end pairs (b) appear to 
be unequal in size. 

D: Tl-2a maizeX Florida teosinte. Equatorial plate. Ring of 4, 7 pairs and 2 unequal univalents 
(a,aO. 

E, F, G: Tl-2aTl-6a maize X Florida teosinte. 

E: Diakinesis. Ring of 6 chromosomes and 7 pairs, including 2 heteromorphic pairs, a and b. 

F: Equatorial plate stage. Ring of 6 chromosomes and 7 pairs, including two heteromorphic 
pairs, a and b. 

G: Diakinesis. Ring of 6 drawn from 4 different cells. 

H,I: Tl-7aX Florida teosinte. 

H: Diakinesis stage. Ring of 4 chromosomes (c), and 8 pairs. One open heteromorphic pair (b); 
and one end-to-end unequal pair (a). 

I: Diakinesis stages. Rings drawn from 4 different cells. Lower, (d), open ring. The other 3 
rings (a, b, c) are representative examples of the most frequently occurring ring type. 

J: T5-7aX Florida teosinte. Diakinesis stage. Chain of 4 chromosomes (b), 7 pairs and 2 unequal 
univalents (a, a'). 

K: Tl-2aT8-9a maizeXFlorida teosinte. Diakinesis. Tl~2a ring (c), T8-'9a ring (b) and 6 
pairs. 1 pair open, unequal (a). 

L: T8-9a maizeXFlorida teosinte. Diakinesis. T8-9a ring (c) and 8 pairs. One pair end-to-end 
(a); 1 open, heteromorphic pair (b). 

M,N,0: Tl-‘2aT8-“9a maizeX Durango teosinte. 

M: Diakinesis. Tl-2a ring (a); T8-^9a ring (b); and 6 pairs. X1575. 

N: Diakinesis. Typical Tl~2a and T8-9a configurations are shown in this cell. Tl-2a ring of 4 
chromosomes (c). T8~9a as 2 end-to-end pairs (a, b). 6 other pairs of chromosomes. 

0: Diakinesis stages. T8-9a configurations, (a) ring, (b) loose chain, (c) 2 ‘^pairs,** the most fre¬ 
quently observed type of association. 
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HYBRIDS BEWEEN ZEA AND EUCHLAENA 
of maize and the corresponding chromosome of either Florida or Durango 
teosinte. No lack of pairing could be observed. 

Tl~2a maize X Florida teosinte 

The P-br and B4g chromosomes, the 2 longest of maize, have exchanged 
segments in the Tl--2a strain. Prophase crosses which were usually not 
marked by any striking peculiarities were observed in the microsporocytes 
of the hybrids. At diakinesis and at the equatorial plate stages chromosome 
rings (plate 1C, D) were found in 90.2 percent of the cells counted (table 4). 

Both unequal pairs were to be seen in figures in which the ring was 
present (plate 1C, a, b). The cytological evidence indicates then that the 
first and second chromosomes of maize pair closely with their Florida 
“homolog,and that neither chromosome 1 nor 2 is involved in either of 
the 2 heteromorphic pairs. 

I'ablk 3 

Diakinesh configurations of the interchange complex in Tl-7a maizeXFloirda teosinte hybrids^ 

CONFKIURATION IlKSC'RlPTU.N DIAOKAM NUMHER 


ring 1 or more interstitial chiasmata in 

long chromosomes 



73 


ring 1 interstitial chiasma in long, 1 in¬ 

terstitial cbiasma in short chro¬ 
mosomes 


3 


ring “distal” ends of long chromosomes 

free but one interstitial chiasma 
ring oj)en-chromosomes held together 

only at the ends 



6 


chain 



2Q 


Total 118 


Tl-6a maizeXFlorida teosinte 
Tl~2aTl~6a maizeXFlorida teosinte 

Few cells of Tl-6a maizeXFlorida teosinte hybrids were examined. 
Diakinesis rings of 4 chromosomes appeared to be common, the ring being 
attached, at early stages, to the nucleole. 

Brink and Cooper (1932) showed that in the Tl-2aTl-6a strain 
chromosome 1 has exchanged different segments with chromosomes 2 and 
6. As would be expected from the previously recorded observations on 
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pairing of chromosomes 1, 2, and 6 of maize in hybrids with Florida 
teosinte, the predominant diakinesis configuration was a ring of 6 chromo¬ 
somes (plate IG) and 7 pairs (plate IE, F). Since both heteromorphic 
pairs (a, b) could still be distinguished the chromosomes involved in them 
are none of those in the Tl-2a,Tl-6a ring of 6. The high proportion of 
diakinesis rings, 88 percent (table 4), provides further evidence of intimate 
pairing of chromosomes 1, 2, and 6 of maize with the corresponding 
chromosomes of Florida teosinte. 

Tl-7a tnaizeXFlorida teosinte 

The strain of maize designated as x-normal-3 by Burnham (1930) is 
homozygous for a reciprocal translocation between the first and seventh 
chromosomes. Prophase crosses involving the 2 interchange chromosomes 
of maize and 2 from the teosinte parent were not found in the few pachy¬ 
tene stages observed in microsporocytes of the hybrids. Diakinesis rings 
(plate IH, c, I) were present in 94 percent (table 4) of the cells examined 
at those stages. A large proportion of the rings (plate II, a, b, c) were of 
a form which indicated that one or more interstitial chiasmata were 
present in the 2 long chromosomes. Counts of the different types of rings 
were made (table 3) to determine the approximate proportion of cells 
having the semi-closed, or figure-8 type of ring. 

Since 62 percent of the microsporocytes had chromosome rings of the 
general type described, pollen counts were made to determine whether an 
effect on fertility could be discerned. Such an effect might be expected if 
the prevailing ring configuration affected anaphase distribution of the ring 
chromosomes, favoring either the passage of alternate or adjacent chromo¬ 
somes to the same pole. Over 60 percent of the pollen grains examined 
were deficient in starch, indicating that fertility, if changed at all, is 
lowered rather than raised by the predominant ring type present at the 
diakinesis stages in the microsporocytes of these hybrids. 

Both unequal pairs of chromosomes (plate IH, a, b) were also dis¬ 
tinguishable in diakinesis figures of these hybrids (table 5) indicating that 
the seventh maize chromosome is not involved in either pair. 

T5-7a tnaizeXFlorida teosinte 

The fifth and seventh maize chromosomes have exchanged segments in 
the T5-7a stock. Microsporocytes from only 1 hybrid plant have been 
obtained as yet. Diakinesis rings consisting of 4 chromosomes were present 
in 73 percent of the diakinesis figures examined. The larger, less-frequently 
observable unequal pair was not distinguishable in any of the cells but 
the smaller, more markedly unequal pair was noted (figure 1 and plate 1 J, 
a, a,') in a number of instances. Too little material has been examined, 
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however, to be conclusive. The meager data suggest that in this hybrid 
ring formation is somewhat reduced, and that the larger of the 2 hetero- 
morphic pairs may be included in the translocation complex in the hybrid. 

T4^~8 maize X Florida teosinie 

The interchange complex in microsporocytes of T8-9a maize X Florida 
teosinte hybrids frequently takes the form of 2 ‘^pairs." It is consequently 
of interest that in T4-8 maize X Florida teosinte hybrids a chain of 4 is 
most frequently observed. Other configurations occur (table 4), though 



Figure 1.—TS-Ta maizeX Florida teosinte. Equatorial plate stage. Ring of 4 chromosomes, 
7 pairs, and 2 unequal chromosomes. The unpaired chromosomes are off the plate. Photomicro¬ 
graph. 850 X. 

less frequently. The appearance of the T4'-8 complex has not been figured 
in the literature, but presumably rings of 4 are most common. It is sug¬ 
gested that a segment of the 8th maize chromosome frequently fails to be 
attached by a chiasma to a corresponding teosinte chromosome segment. 
1 he smaller unequal pair of chromosomes was noted in about 30 percent 
of the microsporocytes (table 5). 

TS-Qa maizeXFlorida teosinte 
Tl-2aT8-9a maizeXFlorida teosinte 
Tl-2aT8-9a maizeXDurango teosinte 

The point at which the translocation break has occurred in the ninth 
chromosome in T8'~9a maize has been established by a combination of 
cytological and genetical methods (Burnham 1930; McClintock 1931; 
Creighton and McClintock 1931). In the Tl-2aT8~9a strain of maize 
the 2 translocation chromosomes of the Tl~’2a stock are also present. The 
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T8-9a interchange complex in hybrids of these translocation stocks by 
Florida teosinte takes the form of a ring at diakinesis (plate IK, b, L, c) 
in approximately one-half of the cells counted. A chain of 4, 2 “pairs,” 
a trivalent and one univalent, and a pair and 2 univalents were the other 
observed configurations (table 4). At least 1 of the heteromorphic pairs 
(plate IK, a) was also present (table 5). In the Tl-2aT8-9a maizeXDu¬ 
rango teosinte hybrids the Tl-2a ring (plate IM, a, N, c) was present at 
diakinesis in over 90 percent of the cells examined; the T8-9a ring (plate 
IM, b, O, a) in only 6.7 percent (table 4). 

In both Durango and Florida teosinte hybrids with T8-9a, the inter¬ 
change complex, at diakinesis, takes the form of a ring of four chromosomes 
much less frequently than it does at corresponding stages in pure maize 
heterozygous for the translocation, that is, 97 percent according to Beadle 
(1932). If ring formation depends on the formation of 1 or more chiasmata 
in each arm of the prophasc cross, then the verj' marked reduction in 
number of rings formed in these hybrids indicates failure of chiasma for¬ 
mation in 1 or more arms of the pachytene cross in a rather high propor¬ 
tion of cases. 


SUMMARY OF CYTOLOGICAL RESULTS 

A summary of the general results is presented in tables 4 and 5. The 
available cytological evidence indicates close correspondence of chromo¬ 
somes 1, 2, 6, and 7, somewhat less for chromosome 5, of maize with 
Florida teosinte chromosomes. The reduced number of rings in T8~9a 
maize X Florida teosinte hybrids suggests that a structural difference pre¬ 
venting chiasma formation exists between the eighth or ninth chromo¬ 
somes, or both, of maize and the Florida teosinte chromosomes with which 
they pair, at least partially. Even less correspondence of these chromo¬ 
somes in Durango hybrids is indicated. C 5 d:ological evidence of approxi¬ 
mately normal pairing between chromosomes 1, 2 and 6 of maize with 
Durango teosinte chromosomes has been obtained. 

CYTOGENETIC STUDIES INVOLVING THE NINTH MAIZE 
CHROMOSOME IN MAIZE-TEOSINTE HYBRIDS 

The genes used, together with their position in the linkage group as 
given by Emerson (1932) are listed below. 

ygi —^yellow green seedling and plant; at locus 0 
sh —shrunken endosperm ; at locus 22 

wx —waxy endosperm ; at locus S2 

The spindle attachment region is believed to lie near the wx locus. The 
translocation point lies some 12 genetic units from wx on the long arm of 
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the chromosome (Beadle 1932). No genes are known in the long arm. 

ygi sh wx maize was crossed with Florida teosinte, which carries the 
corresponding dominant allelomorphs. The hybrids were then backcrossed 
to the recessive parent. The backcross seeds and plants were classified 
with the results as given in table 6, where they are compared with those 
of Beadle (1932). 

Because of poor germination of backcross seeds, more than twice as 
many seeds were classified for the endosperm characters sh and wx as could 
be classified for the plant character ygj. The results of the two independent 
investigations summarized in table 6 arc in agreement to the extent that 
both show crossing over to be much less frequent in the short arm of the 
ninth chromosome in maize-Florida teosinte hybrids than in maize. 

A comparison of Beadle’s results with those of the writer reveals that 
the crossover values obtained by the latter are higher for both yg-rsh and 
sh-wx regions of the ninth chromosome. 


The plants classified as 


Ygi-sh-wx 
ygi-sh-wx 


ygt-Sh-Wx 

or =-were grown to matu- 

ygt-sh- wx 


rity to check their classification. Ten authentic crossovers were estab¬ 
lished. The remainder proved to be non-crossovers and may have been the 
result of hetero-fertilization (Sprague, 1932). Plants from the seeds 
classified as non-shrunken waxy, or shrunken, non-waxy will also be 
grown. Seeds of these 2 types cannot be accounted for on the basis of 
hetero-fertilization, and as contamination is rather unlikely, crossing over 
in the Fj hybrids is the most probable reason for their occurrence. 

The difference between the crossover values reported here and those 
obtained by Beadle may be due to differences in the Florida teosinte 
plants used as parents, or they may be due to environmental or genic 
differences affecting the rate of crossing over (Stadler 1925, 1926). The 
fact that Beadle used third and fourth generation backcross plants may 
have had some effect, although the crossover values presented by Emerson 
and Beadle (1932) for successive backcross generations are uniformly 
low in all. 

If chiasmata formed in meiotic prophase condition diakinesis and equa¬ 
torial plate association of the members of a bivalent (Darlington 1932) 
then a test of the assumption that every chiasma represents a crossover 
can be proposed here. In maize heterozygous for the T8-9a translocation 
one arm of the pachytene cross-shaped configuration consists of the short 
arm of the ninth chromosome and approximately 12 genetic map units 
besides (McClintock 1931). Beadle (1932) finds that crossing over in 
the w*-translocation region is approximately the same in maize-Florida 
teosinte hybrids as in maize, that is, 12 percent, but in all the short arm 
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(52 map units in maize) only 5 percent of crossing over, or less, occurs in 
the hybrids. One complete arm of the translocation prophase cross is 
accounted for by the genetic data. A total of 17 percent of crossing over 
occurs in that whole arm. On Belling’s theory, with 1 7 percent of crossing 
over, there should be one chiasma present in that arm in only vM percent 
of the cells. At diakinesis the 66 percent of cells without a chiasma in that 
arm should show the chromosomes of the T8-9a complex in configurations 
other than a ring. The exact form taken will depend on the pairing rela¬ 
tions of most of the long arm of chromosome 9 and all of chromosome 8 
with the teosinte chromosomes in the complex. Thirty-four percent of 
microsporocytes might be expected to show a chromosome ring configura¬ 
tion at diakinesis if chiasmata are regularly formed in the other 3 arms of 
the complex. Our counts on diakinesis configurations, reported in the 
previous section, gave the proportion of cells having a ring of 4 chromo¬ 
somes at diakinesis as approximately 50 percent. Beadle (1932) (table 7), 
however, gives a much lower figure. 

On the assumption that often no chiasma is formed in one arm of the 
eighth chromosome, the low percentage (6.46) of diakinesis rings of 4 
chromosomes in the T8-9a maize X Florida teosinte hybrids might appear 
to be in accord with Belling’s theory. This is the more plausible when the 
high frequency of 2 end-to-end pairs is noted. The formation of a chiasma 
in the ygt~T region of the ninth chromosome may not, on that account, 
always insure ring formation. The figures here reported for the first time 
cannot be explained on that basis. Either too many cells in the doubtful, 
uncounted class had configurations other than rings, or else the actual 
number of rings obtained is higher than would be expected on Belling’s 
theory. Some of the material had been stored in 70 percent alcohol for 
some months and was not ideal for critical examination of the T8-9a 
configuration. Satisfactory preparations, however, were obtained. 

No backcross data are available with regard to crossing over in the 
ygf-sk-wx~T region of the ninth maize chromosome in hybrids with 
Durango teosinte, except those reported by Beadle (1932). He found 
complete absence of crossing over in the ygr-sk-wx region, but the per¬ 
centage of crossing over in the wx-T region was about the same as in pure 
maize, namely, 12 percent. The proportion of diakinesis rings reported by 
him (19 percent) agrees fairly well with what would be expected on 
Belling’s theory. In our material, however, the proportion of rings, and 
chains as well, was much lower, the predominant configuration being 2 
end-to-end pairs (plate IN, a, b, 0, c). The high proportion of 2 end-to-end 
pairs (table 4) suggests that one arm of the eighth chromosome of maize, 
as well as one of the ninth, often fails to have a chiasma attachment to a 
Durango teosinte “homolog.” Unfortunately, no genetic tests of crossing 
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Data from Emerson (14). 

No sign of fine stripes but the classification was not checked by backcrossing to/ stock. 
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over in the eighth chromosome of maize in maize-Durango or maize- 
Florida teosinte hybrids have been reported. Only 2 genes have been 
located in the eighth chromosome. Adequate tests of crossing over, there¬ 
fore, are impossible. 

CROSSING OVER BETWEEN OTHER CHROMOSOMES IN 
MAIZE-FLORIDA TEOSINTE HYBRIDS 

Fi plants obtained by crossing linkage tester stocks of maize with 
Florida teosinte were backcrossed to the maize lines. Genetic tests in¬ 
volving regions of chromosomes 1, 2, 3 and 7 have been made. The results 
are presented in table 8. 

It is established that crossing over occurs between maize and Florida 
teosinte chromosomes in the regions w'hich were under observation. Where 
the numbers are large enough to be indicative the crossover values appear 
to be not very different from those found in pure maize. 

Genetic tests by Emerson and Beadle (1932) showed that crossing 
over in segments of chromosomes 2, 5 and 10 in maize-Florida teosinte 
hybrids was about as frequent as in maize. The short arm of chromosome 
9 is the only chromosome segment in which crossing over has been shown 
to be markedly reduced in these hybrids. 

DISCUSSION 

The observations on microsporocytes of hybrids between Florida teo¬ 
sinte and strains of maize carr>dng known translocations has supplied 
more precise information regarding the degree to which pairing takes place 
between particular chromosomes of maize and the corresponding chromo¬ 
somes of teosinte than can be had by observation on microsporocytes of 
ordinary maize by teosinte hybrids. If the chromosome ring configurations 
seen in diakinesis stages in plants heterozygous for a translocation owe 
their formation to previous chiasma formation in each arm of the pachy¬ 
tene cross-shaped structure, then the high proportion of rings seen in 
hybrids of Tl~2a, Tl~2aTl‘-6a, Tl-Ta with Florida teosinte provides 
proof that chiasmata are regularly formed at or near both ends of the 
first, second, sixth and seventh chromosomes. This may be used as evi¬ 
dence that very considerable portions of these maize chromosomes have 
their structural counterparts in chromosomes of Florida teosinte. Pairing 
of chromatids at pachytene stages has been shown by various workers to 
be determined by homology of the pairing segments. Especially instructive 
are the cross-shaped configurations seen at pachytene stages in micro¬ 
sporocytes of maize heterozygous for reciprocal translocation. These con¬ 
figurations are interpretable on the grounds that chromatids lie in close 
association where they are homologous; that where homology ends, pair¬ 
ing likewise ends (McClintock 1930; Cooper and Brink 1931). Burn¬ 
ham (1931) and McClintock (1932), however, reported close association 
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of short non-homologous maize chromosome segments. If pachytene pair¬ 
ing of parts of non-homologous chromatids occurs, and chiasmata are not 
formed, diakinesis association of chromosomes should be a more reliable 
indication of correspondence than earlier prophase figures. Should chi¬ 
asmata occur in the paired regions, translocation, reduplication and de¬ 
ficiency would be expected. The effects would presumably be reflected in 
gametophyte sterility or aberrant genetic ratios. Intimate association of 
non-homologous chromosome segments combined with chiasma formation 
must be rare in maize since the resulting unequal crossing over would be 
readily detected. 

Parts of the fourth, fifth, eighth and ninth chromosomes of maize appear 
to conjugate with parts of corresponding Horida teosinte chromosomes. 
The extent of correspondence of the fifth and eighth chromosomes with 
Florida teosinte “homologs” has not been fully determined but is sus¬ 
pected of being incomplete. The short arm of the ninth maize chromosome 
almost certainly does not correspond with a part of the teosinte “hom¬ 
olog.” 

Tests of crossing over in maize-Horida teosinte hybrids have been 
made for segments of 7 chromosomes by Emerson and Beadle (1932) 
and the writer. In 6 of the chromosomes crossing over appears similar in 
amount to that in maize. The genetic as well as the cytological evidence 
indicates that the chromosomes of maize and Florida teosinte correspond 
closely but that the correspondence is not complete for all the chromo¬ 
somes. 

I'he results suggest that gene changes rather than changes in the gross 
structure of the chromosomes may have been chiefly responsible for the 
differentiation of maize and annual teosinte. 

SUMMARY 

1. Pairing of chromosomes 1, 2, 6 and 7 of maize and corresponding 
Florida teosinte chromosomes appears to be complete in hybrids. 

2. Relatively long segments of either the eighth or ninth maize chromo¬ 
some frequently fail to form chiasmata with teosinte “homologs.” 

3. Only 5 percent of crossing over occurs in maize-Florida teosinte 
hybrids in a segment of the ninth maize chromosome which includes 52 
map units. 

4. Some cytological evidence of possible slight structural difference 
between chromosome 5 of maize and the Florida teosinte chromosome 
with which it pairs, at least in part, is presented. 

5. Crossing over occurs between genes in maize chromosomes 1, 2, 3 
and 7 and Florida teosinte chromosomes. The frequency of crossing over 
in hybrids was not accurately determined but the few data obtained sug¬ 
gest that the values are not very different from those in pure maize. 

6. Conclusive evidence is not yet available as to which maize chromo- 
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somes are members of the two heteromorphic pairs found in microsporo- 
cytes of maize-Florida teosinte hybrids. Evidence that chromosomes 1, 2, 
6 and 7 are not involved has been obtained. Chromosome 5 may be a 
member of one of the unequal pairs, the other is probably chromosome 
8, 9 or 10. 

7. Pairing of chromosomes 1, 2 and 6 of maize with Durango teosinte 
chromosomes appears to be complete. 

8. Cytological evidence suggests that chiasmata are very rarely formed 
between relatively long segments of both chromosome 8 and 9 of maize 
with corresponding Durango teosinte chromosomes. 
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O NE of the fundamental methods of genetic investigation has been 
to vary the balance between selected elements in the germplasm and 
compare the resulting combinations. Outstanding examples of the success¬ 
ful application of this method are Bridge’s (1925) studies of the balance 
between the sex chromosome and the autosomes and Muller’s (1931) 
classification of mutant factors by a comparison of their effects in disomic 
and trisomic combinations. The American species of Tradescantia, several 
of which exist in both diploid and auto-tetraploid races (Anderson and 
Woodson 1935; Anderson and Sax. in press) make it possible to apply 
the same method to the study of .si)ecilic differences. The following paper 
reports the results of crosses between a common tetraploid species, 
Tradescantia subaspera Ker-Gawl var. lypica Anderson and Woodson 
('/'. pilosa Lehm.) and diploid and tetraploid races of T. canaliculata Raf. 
{T. rejlexa Raf.). 

THEORETICAL 

This experiment provides us with four forms for comparison, the two 
species, the triploid hybrid, and the tetraploid hybrid. 'I'he diploid and 
tetraploid races of T. canaliculata are morphologically indistinguishable, 
as is generally the case among these American Tradescantias (Anderson 
and Sax, in pre.ss). Using the letter S to represent a genom of T. subaspera 
and the letter C to represent a genom of T. canaliculata, we may diagram 
the first species as SSSS, the latter as CCCC (or CC in the case of the 
diploid race). The two possible hybrids we can denote as CSS and CCSS, 
thereby emphasizing the fact that the former has two sets of chromosomes 
from T. subaspera but only one from T. canaliculata, whereas in the latter 
hybrid the two species have each contributed two sets. 

Assuming that the differences between the two species are genic, or 
largely so, what differences may we expect between the two hybrids? Let 
us first of all examine the consequences to be expected if the species are 
differentiated by dominant genes, dominants and recessives being dis¬ 
tributed about equally to both species. In the case of a dominant con¬ 
tributed by T. subaspera, the formulae for the two hybrids will be AAa 
and AAaa. For a dominant gene the effects of these two combinations 
should be indistinguishable, or practically so. If the dominant is con- 
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tributed by T. canaliculata, the two hybrid fonnulae are Bbb and BBbb. 
In this case wc shall ordinarily expect the two combinations to be prac¬ 
tically indistinguishable, since if we define a dominant gene as one in 
which the combination AA has practically the same effect as Aa, wc know 
from past experience that for the majority of such genes Aaa is similar 
in effect to Aa and hence to AAaa. In the hybrids, therefore, if the genes 
distinguishing the two species are dominant, or largely so, we may expect 
CCSS and CSS to be essentially similar. Since, in point of fact, the triploid 
hybrid CSS is strikingly different from the tetraploid hybrid CCSS we 
may conclude that the essential differences between the two species, if genic, 
are largely without dominance. 

EXPERIMENTAL DATA 

While the characters which distinguish the species of Tradescantia are 
not so precise, nor so unaffected by the environment, as one might wish, 

Table 1 

Comparison oj triploid and tetraploid hybrids between T. canalUulata and T. subaspera var. typica 



T. eanalicultUa 

TCTRAPLOII) 

HTBUID 

TRIPUnU 

HYBHU) 

T. sulnupera 

VAR. fypiro 


cccc 


CSS 

SSSl^ 

Intemode length 

16 cm. 

11 cm. 

8.5 cm. 

3 cm. 

Leaf length -r width 

23 

16 

10 

7 

Stomata on upper surface 

none 

few 

several 

many 

Sep>al lengtli 

1.1 cm. 

0.9 cm. 

0.8 cm. 

0.7 cm. 

Pubescence of pedicel 

none 

slight 

medium 

heavy 


the two species chosen for the experiment differ as sharply as any two 
within the group related to T. virginiana. Unfortunately, T. subaspera 
var. typica is so far known only as an auto tetraploid; were a diploid race 
to be discovered it would permit comparison of three different inter¬ 
mediate balances with the two pure species. The experiment is furthermore 
unfortunate in the fact that the only tetraploid T. canaliculata in flower 
at the time the crosses were made was a somewhat exceptional individual 
with slightly broader leaves and a larger number of nodes than is normal 
for the species. In both of these characteristics it departed from the normal 
in the direction of T. subaspera var. typica, thereby reducing slightly what 
might have been an even greater difference between the triploid and 
tetraploid hybrids. The node number of this tetraploid parent was so 
exceptionally high that this character, which would otherwise have been 
one of the best for comparison, has been omitted altogether. Both crosses 
were made with T. canaliculata as the female parent. For the triploid, a 
diploid plant from Austin, Texas, was pollinated from a plant of T. sub- 
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aspera var. typica collected at Marthasville, Missouri. The tetraploid had 
the same pollen parent, its seed parent being a tetraploid plant of T. 
canaliculaia from Hamburg, Missouri. 

Detailed comparisons for both hybrids with the parental species are 
made in table 1 and text-figure 1. The internodes used in the table and the 
figure were chosen from comparable points on all four plants, being the 
first internode below the lowest branch of the inflorescence and the leaf 






cccc ccss css 


ssss 


Figure 1.—Above: Calyx and pedicels (XlO); Below: Leaf and internode (XI .3) of T 
canaliculata (CCCC), T, subaspera (SSSS), their triploid (CSS) and tetraploid (CCSS) hybrids. 
While the calyces have been carefully drawn to scale they are somewhat diagrammatic. 


subtending this internode. It will be noted from figure 1 that this character 
is apparently somewhat affected by hybrid vigor. Leaf shape is probably 
the most reliable of the characters, since it is only slightly affected by 
hybrid vigor and by environmental influences. It will be seen that the 
hybrid CCSS is almost exactly intermediate between the two species in its 
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leaf index and that the triploid hybrid CSS is again almost exactly inter¬ 
mediate between it and SSSS. 

The relative abundance of stomata on the upper and lower surfaces of 
the leaf is a character of much taxonomic importance in the genus Trades- 
cantia (Anderson and Woodson 1935). In T. subaspera var. typica 
there are virtually no stomata on the upper surface; in T. canalkulata 
they arc about equally abundant on both surfaces. The two hybrids CSS 
and CCSS present two intermediate stages between these end points. 
Table 1 and figure 1 present a tabular and graphical summary of the five 
characters most susceptible to precise comparison. In each case the tetra- 
ploid hybrid CCSS is intermediate betw'een the two species and the triploid 
CSS is intermediate between it and SSSS. Other less objective characters 
presented a similar result; young plants of CCSS, for instance, were in 
general aspect clearly intermediate between the two parents and were 
recognized as such by naturalists familiar with the two species. The plants 
of CSS, however, particularly in their younger stages, presented more the 
appearance of a puzzling variant of T. subaspera, to those unacquainted 
with the origin of the plants. 

St;MMARY AND ( ONCl.USlONS 

As measured by five unrelated characters, tetraploid hybrids between 
T. subaspera var. lypica and T. canalkulata were exactly intermediate 
between the two species. By the same measure, triploid hybrids to whose 
germplasm T. subaspera var. lypka had made twice the contribution of 
T. canalkulata, were intermediate between the tetraploid hybrids anti 
T. subaspera var. typica. Following the argument developed in the theoreti¬ 
cal section, it is concluded that in so far as the differences between these 
two species are genic, they rest largely upon genes with incomplete 
dominance. 

NOTE 

It is perhaps worth calling attention to the taxonomic significance of the 
facts reported in the above paper. Polyploidy introduces a number of 
complications into the relationships between species. In this case the two 
races of T. canalkulata are morphologically indistinguishable, yet out- 
crossed to another species, T. subaspera, they produce two sets of hybrids 
which are very dissimilar morphologically, one of which (the triploid) is 
almost completely sterile, and one of which (the tetraploid) is semi-fertile. 
The case illustrates one out of many possible ways in which crosses be¬ 
tween the same two species can give different results under different con¬ 
ditions. 
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I T WILL be conceded generally by students of genetics that body size, 
though clearly subject to heredity, is not inherited in a simple Men- 
delian way. 

When races of unlike body size are crossed, the offspring are, in general, 
intermediate in body size, both in the first and in later generations of 
offspring. Most investigators in this field, being convinced that Mendel’s 
law is universally valid, have accepted what is known as the multiple 
factor interpretation of this and other similar cases of intermediate or 
blending inheritance. On this hypothesis the genetic basis of differences in 
body size consists exclusively of mutated genes borne in the chromosomes. 
It is certain that such genes exist. Specific evidence for their existence will 
be described in this paper. But we are not convinced that no cell structures 
other than chromosomes are concerned in the determination of body size 
for the following rea.sons. 

Some years since, a study was made of the inheritance of body size in 
a cross between races of rabbits, one of which was about four times as large 
as the other. The blending character of the inheritance indicated that, on 
a multiple factor interpretation, differential genes influencing body size 
must be so numerous and widely distributed as to be found in practically 
all chromosome pairs. An attempt was accordingly made, by crossing a 
large race in which four chromosomes carried dominant color genes with 
a small race carrying the corresponding recessive genes, to ascertain 
whether these four chromosome pairs bore any of the hypothetical genes 
influencing body size. The result was wholly negative. No difference in 
size could be detected between segregates which bore one or all of the 
dominant genes received from the large race parent and those which bore 
recessive genes derived from the small race parent. Nevertheless by 
embryological studies, Castle and Gregory were able to show that the 
eggs of large-race and small-race rabbits develop at a different rate. 
Though the eggs are of the same size, that of the large-race rabbit under¬ 
goes cleavage more rapidly and thus produces a larger embryo. The more 
rapid rate of growth persists after birth and even until adult size is at¬ 
tained. Moreover, sperm as well as egg is influential in determining the 
developmental rate of the zygote. It seems, accordingly, that develop¬ 
mental rate is itself either gene controlled or controlled by some other 
feature of the organization of both sperm and egg. 
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About the time that this conclusion had been reached in our rabbit 
studies, Green made a cross between two species (or subspecies) of mice 
{Mus bactrianus and Mus musculus), the former of which is only about 
half as large as the latter. He applied the same criterion which Castle had 
used in the rabbit size cross for possible linkage between color genes and 
size genes, but with better success. He reported association in F 2 and 
backcross populations of larger size with the recessive color genes brown, 
dilution, and non-agouti, which came from the larger parent in the original 
cross. He inferred correctly that this implied the location in the three 
chromosome pairs under consideration of genes influencing body size. 
Later, when larger numbers had been studied, he concluded that the 
differences reported were of significant magnitude in one only of the three 
cases—that of the chromosome carrying the gene for brown. On this alone 
he based the argument for a multiple factor interpretation of body-size 
inheritance, supporting it later by evidence thought to indicate crossing 
over between the brown gene and one or more size genes located in the 
same chromosome. 

We shall show that Green was undoubtedly right in assigning an in¬ 
fluence making for greater body-size to both the brown chromosome and 
the dilute chromosome. The case for the non-agouti chromosome is doubt¬ 
ful. But we shall show, also, that the plus influence on body-size exerted 
by the brown chromosome and the dilute chromosome is due not, probably, 
to some hypothetical size gene linked with the color gene, but to the 
physiological action of that gene itself. 

Our original plan was to verify, if possible, Green’s findings by repeat¬ 
ing his experiment with certain minor modifications. In this we had the 
cordial cooperation of Dr. Green, who supplied us with animals of the 
same inbred stocks which he had used in his experiment- namely, M, 
bactrianus and Little’s well known and long inbred dilute brown strain, 
both from the Jackson Memorial Laboratory. We owe hearty thanks, 
in this connection, to Director C. C. Little, and Drs. Green and Mur¬ 
ray. 

In the first cross which we made, on w^hich we shall report in this paper, 
we used as mothers, not Little’s dilute brown race but a derivative of it 
established by Gates, in which pink-eye and short-ear had been added 
to the assemblage of recessive characters. This race accordingly was 
homozygous for the five recessive characters, pink-eye, dilution, short-ear, 
brown, and non-agouti. It had been closely inbred in brother-sister matings 
for several generations. Two of the five recessive genes, namely, dilution 
and short-ear, are borne in the same chromosome and presumably very 
close together, since the occurrence of crossovers is only about one in 1000. 
Accordingly, four chromosomes are in this race tagged with recessives, 
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namely, (1) brown, (2) dilution and short-ear, (3) pink-eye, and (4) non¬ 
agouti. For brevity, we shall refer to this race as the s.e. race. As the 
other parent race we used not wild M. badrianus, as Green had done, 
but a supposedly domestic derivative of it, the long inbred strain of black- 
and-white Japanese waltzing mouse used by Gates (1926). This carries 
three independent recessive characters, piebald, waltzing, and non-agouti. 

In weight 17 adult males of the s.e. race range from 22 to 33 grams, 
average 26.2. Gates (1926) reports the average weight of adult Japanese 
waltzing males to be 17.6 grams. The weight of five adult Fi males ranges 
from 21.0 to 29.8 grams, average 25.4. These fragmentary records indicate 
(and the general impression which one gets when handling the animals 
coincides with it) that the Fi animals are nearly, though not quite, as 
large as the larger parental race. In vigor, productiveness, and longevity, 
however, the hybrids are far superior to either parent race. 

The Fi animals were crossed reciprocally with Little’s dilute brown 
race in order that segregation in size might be observed in relation to 
brown and dilution only without complication from pink-eye and short-ear 
which would continue to be recessive in whatever backcross animals re¬ 
ceived them from the Fi parent. For the “d br” race, having been de¬ 
liberately inbred, chiefly in brother-sister matings, since 1909, according 
to Green, should be completely homozygous for all genetic factors (except 
for possible new mutation), and it is free from pink-eye and short-ear, 
though homozygous for dilution and brown. 

The backcross animals accordingly fall, as regards color, into four 
classes, (1) black, (2) dilute black (blue), (3) brown, and (4) dilute brown. 

Gates (1926) thought that there was a tendency in a cross similar to 
this for the chromosomes to emerge from the cross in the same associations 
in which they entered it, so that in Fj or in backcrosses a higher percentage 
was obtained of character combinations identical with those found in the 
parents than one would expect from chance alone. But Green did not ob¬ 
serve any such tendency toward an association between chromosomes in 
the cross which he made between M. badrianus (the supposed ancestor of 
the waltzing mouse) and the “d br” race of Little. Further, a reexamina¬ 
tion of the data recorded by Gates raises a question as to the significance 
of the statistical deviations from expectation which he reported. It has 
seemed desirable, therefore, to reopen the question in connection with this 
investigation. 

If Gates’ association principle were valid for this cross, we should ex¬ 
pect the parental combinations intense black and dilute brown to exceed 
in frequency the recombinations dilute black and intense brown. In the 
cross between F i females and “d br” males a population of 1001 animals 
recorded at weaning time (age 3 to 4 weeks) has been tabulated from the 
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records without selection. They consist of (1) black intense, 235; (2) black 
dilute, 268; (3) brown intense, 249; and (4) brown dilute, 249. The sum 
of the parental combinations (black intense and brown dilute) is 484, 
which is less than the sum of the recombinations (black dilute and brown 
inten.sc), which equals 517. The probable error (expected chance deviation 
from equality in a population of this size) is 10.6. The observed deviation 
is 16.5, which is less than twice the P. E. and so not significant. It is also 
contrary in character (being minus rather than plus) to a deviation which 
might be due to persistent association of the chromosomes. The conclusion 
is warranted that in this cross, as in so many others which have been 
studied, the segregation of each chromosome pair occurs quite independ¬ 
ently of other chromosome pairs, and continued association or dissociation 
of genes borne in different chromosomes is quite a matter of chance. We 
may therefore dismiss as groundless a critici.sm by Castle of Green’s 
interpretation of his results based on the association principle outlined by 
Gates. 

From the cross, Fi 9 X“d br”d’, 1236 mice have been reared, weighed 
monthly or oftener between the ages of 4 and 6 months, and then chloro¬ 
formed and measured as to body length and tail length by Sumner’s 
method, keeping the body under a uniform tension of 20 grams. In tables 
1 and 2 the animals are classified as to .sex, color, and maximum weight at 
or prior to six months of age. In tables 3 and 4 they are similarly classified 
as regards body length at six months of age. 

The order of increasing size is the same for weight and for body length 
in both sexes. Blacks are smallest, then come blues, next browns, and last 
dilute browns. The only exception is found in body weight of dilute brown 
females, which are no heavier than intense browns, although as regards 
body length they are decidedly longer than intense browns. Body length 
is, as suggested by Green, a more reliable indicator of general body size 
than weight, for certain individuals in both the Fi and the backcross 
populations have a tendency to become very fat after they have reached 
the age of 4 or 5 months, so that their weights displace the average upward. 
Body length, on the other hand, is apparently not affected by accumula¬ 
tion of fat, though it is clear that only individuals of large size become 
excessively fat. Body length is also a linear dimension, whereas increase 
in body weight depends upon increase in all correlated dimensions and 
thus produces greater variation. This is shown in the higher coefficients of 
variability for weight than for body length. For females the C. V. in 
weight is 10.8“-12.0 and in body length 3.4~3.6; for males the C. V. in 
weight is 9.8-11.1, and in body length 2.9-3.8. 

If we compare all black pigmented individuals (whether intense or 
dilute) with all brown pigmented ones of the same sex (whether intense 
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or dilute), we find the latter invariably longer-bodied and heavier in both 
sexes. For females, browns are 1.4 percent longer-bodied and 3.2 percent 
heavier; for males, browns are 2.04 percent longer-bodied and 4.3 percent 
heavier. See table 5. 

If we compare the intense pigmented individuals (whether black or 
brown) with dilute pigmented (whether black or brown) of the same sex, 
we find the latter invariably larger and heavier. The difference is less in the 


Table 5 

Comparison of females with males as regards body length and weight in different color groups. 


AV. BOOT LENGTH 

rEUALES 

MALES 

RATIO 

All Blacks 

All Browns 

Ratio, Black:Brown 

91.55 

92.84 

100:101.40 

95.77 

97.73 

100:102.04 

100:104.6 
100:105 2 
Mean—104.9 

All Intense 

All Dilute 

Ratio, Intense:Dilute 

91.79 

92.55 

100:100.82 

96.26 

97.21 

100:100.98 

1(X):104 8 
100:105.0 
Mcan«* 104.9 

Av. W eight 

All Blacks 

All Browns 

Ratio, Black:Brown 

21.91 

22.61 

100:103.2 

28.34 

29.56 

100:104.3 

100:129 

100:131 

Mean* 130 

All Intense 

All Dilute 

Ratio, Intense: Dilute 

22.04 

22.45 

100:101.9 

28.67 

29.34 

100:102.3 

100:130 

100:130 

Mean *130 


case of dilution than it was in the case of brown, but still significant 
statistically in every case. See table 5. For females, the dilutes arc 0.82 
percent longer-bodied and 1.9 percent heavier; for males, the correspond¬ 
ing values are 0.98 percent and 2.3 percent. 

The correlation between body-length and weight is high, being 0.65 ± .01 
in the case of females and 0.66 ± .01 in the case of males. See tables 6 and 7. 
This supports the conclusion which one of us has based on a long series of 
investigations indicating that the genetic agencies which affect size are 
chiefly general rather than local in their action. 

An interesting relation between the size characters of females and males 
is shown in table 5. Males are consistently about 5 percent longer-bodied 
than females of the same color group, but in weight they are about 30 
percent heavier, the first difference being based on a linear measurement, 
the second on a mass or three-dimensional evaluation. 

The differences between color groups are also greater relatively, as well 
as absolutely, in the case of males when compared with females. Brown 
makes an increase in body length (over black) of 1.40 percent in the case 
of females but of 2.04 percent in the case of males. Brown also increases 
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weight by 3.2 percent in the case of females, but by 4.3 percent in the case 
of males. 

Dilution consistently has a lesser effect on size than brown, but its effect 
is regularly more pronounced in the case of males than of females. Thus 
dilution increases body length by .82 percent in females, but by .98 per¬ 
cent in males. It increases weight by 1.9 percent in females, but by 2.3 
percent in males. I'he male mouse is a larger animal than the female. It 
grows beyond the stage at which growth is normally arrested in females, 
and in the final stages of growth the differential effect of genes borne in 
the chromosomes carrying brown and dilution is more strongly in evidence 
than before. 

It remains to consider the question whether the differential effect on 
growth exercised by the brown and dilution chromosomes is due to the 
genes for brown and dilution respectively or to some gene or genes linked 
with them. FeldmAxV (1935) has recently published data which indicate that 
in races of mice, whether of large or of small body size, browns in mixed 
litters are regularly larger than their black sibs. 

In the cross described in this paper, we introduced from the musculus 
parent into the hybrids two closely linked recessive characters borne in 
the same chromosome, namely, dilution and short-ear. We have shown 
that in the backcross to ''d br'' males the individuals which are homozyg¬ 
ous for dilution are larger than those which are heterozygous (the blacks 
and browns). Dilution (or something linked with it) must be regarded as an 
influence increasing size when homozygous. Short-ear does not reappear 
in this backcross, though present as a recessive in substantially all dilute 
individuals, since it would be transmitted to all individuals to which the 
Fi parent transmitted dilution, unless a crossover occurred between 
short-ear and dilution. 

But in a different backcross, to be described more fully in a subsequent 
paper, short-ear does make its appearance, and we are thus able to estimate 
its influence on size. When our Fi females arc backcrossed to the parental 
musculus race (pink-eyed short-eared dilute brown), the same four classes 
of offspring result as in the backcross already described, namely, black, 
blue, brown, and dilute brown; but in this case blues and dilute browns 
are short-eared. They are also regularly inferior in size to the blacks and 
browns respectively, which are long-eated. In other words, the tendency of 
homozygous dilution to increase body size, whether associated with black 
or with brown, is more than offset by a tendency of short-ear, when 
homozygous, to decrease body size. 

But dilution and short-ear are closely linked with each other, with 
crossovers occurring about once in a thousand times. Any hypothetical 
size gene closely linked with one should also be closely linked with the 
other. Yet homozygous dilution increases size, and homozygous short-ear 



Table 6 

Correlation between bodylengjth and weight in 656 backeross females. r^.65±.01. 
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Table 7 

Correlation behveen body length and urigbt in 534 backcross males. r^.66± 01. 
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decreases size, even in the presence of dilution. It is difficult to avoid the 
conclusion that these genes are, by virtue of their own physiological action, 
genes influencing body size. For if the influence on size were due to a third 
gene linked with short-ear and dilution, it should become operative when 
either short-ear or dilution become homozygous; but we find that size 
increases when dilution becomes homozygous but decreases when short- 
ear becomes homozygous, their action being qualitatively contrary. 

SUMMARY 

1. A cross was made between a pink-eyed dilute brown short-eared 
race of house mouse and an inbred strain of black-and-white Japanese 
waltzing mouse. Adult males of the parent races weighed, on the average, 
26.2 and 17.6 grams, respectively. The Fi hybrids were uniform black in 
color, and males, when adult, weighed about 25.4 grams. 

2. A backcross was made between Fi hybrid females and males of 
Little’s dilute brown race. The progeny fall into four color classes, black, 
blue, brown, and dilute brown, with no statistically significant differences 
between their respective frequencies. A backcross population of 665 fe¬ 
males and 571 males was raised to the age of six months, each animal being 
weighed at monthly intervals and its body-length measured at six months 
of age. 

3. In body-size, whether estimated by maximum weight or by body 
length, brown animals are larger than blacks, and dilute animals are 
larger than intense ones, the difference being greater in the case of brown 
than of dilution, but clearly significant in both. 

4. Males are larger than females and show a greater influence on size 
of the brown and the dilute characters than females do. 

5. Reasons are given for regarding the superior size of brown and dilute 
animals as due to the physiological action of the genes for those characters 
rather than of specific size genes borne in the same chromosomes. 

6. The coefficient of correlation between adult weight and body length 
is, in the case of females, .65 ± .01, and of males, .66 ± .01, 

LITERATURE CITED 

Castle, W. E., 1929,1931 Size inheritance in rabbits. J. Exp. Zool. S3: 60. 

1932 Green’s studies of linkage in size inheritance. Amer. Nat. 66. 

Feldican, H. W., 1935 The brown variation and growth of the house mouse. Amer. Nat. 69 . 
Gates, W. H., 1926 The Japanese waltzing mouse. Publ. No. 337, Carnegie Inst. Wash. 

Green, C. V., 1931 Size inheritance and growth in a mouse species cross. J. Exp. Zool. 59. 

.1933 Further evidence of linkage in size inheritance. Amer. Nat. 67. 

1935 Apparent changes with age in crossing-over between colour and sLer genes in mice. J. 

Genet. 30. 

Greoory, P, W. and W. E. Castle, 1931 Further studies on the embryological basis of size in¬ 
heritance in the rabbit. J. Exp. Zool. 59. 

SuuKER, F. B., 1927 Linear and colorometric measurements of small mammals. J, Mammalogy 8. 



STUDIES IN HUMAN INHERITANCE XIII 

A TABLE J O DETERMINE THE EX1»ECTED PROPORTION OF 
FEMALES SHOWING A SEX-INFLUENCED CHARACTER 
CORRESPONDING TO ANY GIVEN PROPORTION 
OF MALES SHOWING THE CHARACTER 

LAURENCE U. SN’i'DER and CHARLES W. COTTERMAN 
Genetics Laboratory, Ohio State University, Columbus, Ohio 

Received September 1, 1935 

I N A PREVIOUS paper (Snyder, L. H. and Yingling, H., 1935) the 
gene frequency method was applied to sex-influenced factors, and a 
formula for testing the applicability of the hjq^othesis of sex-influenced fac¬ 
tors to human data w^as derived. Since any character dependent upon sex- 
influenced factors will usually be relatively frequent in males, but rela¬ 
tively rare in females, another method of attack presents itself. Knowing 
the proportion of males showing a character suspected of being due to a 
sex-influenced factor, what proportion of females may be expected to show 
the character, assuming random mating? As a practical example, if 40% 
of males are bald, what proportion of females may be expected to be bald, 
assuming that baldness is due to a sex-influenced factor and that random 
mating occurs in regard to this character? 

Assume a pair of allelomorphs B and 6, such that B is dominant in 
males, but recessive in females. Let p== frequency of iJ, and q = frequency 
of h. Then p+q = l. Here p and q may be separately derived, as follows: 

— = proportion of BB9 9 in general population, 

q- 

— = proportion of 66 o’ c^* in general population. 

Since the proportion of BB 9 9 in the general population is equal to 
half of their proportion among females alone, and the proportion of bh<^ 
in the general population is equal to half of their proportion among males 
alone, we may write as follows: 

Let 9 B = proportion among females of females who show the character 
represented by S, let c?B = proportion amon g males of males w^ho show 
the character represented by B, and let crb== proportion among males of 
males who show the character represented by 6. Then 

p’*^ 9 B 

T ^ 

p=VTW ( 1 ) 

q* efb 
2 2 ~ 
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(2) 


So that 


q=-s/c?b. 


V9B+\/cf’b = l. (3) 

From equation (3) it is possible to derive a value of 9 B in terms of cfB. 


9''B+\/''5i^= 1 

From equation (4) a table may be constructed, giving, for any propor¬ 
tion of males showing a dominant sex-influenced character, the correspond¬ 
ing proportion of females who may be expected to show the character. 
Employing the maximum likelihood method of R. A. Fisher (1930), the 
probable error formula for equation (4) may be derived as follows: 

The distribution of dominant and recessive individuals in a sample of 
N males follows the terms of the expansion of the binomial, [(p--f-2pq) 
More exactly, the chance P of getting n dominants and N —n re- 
cessives is 

P = K(p«+2pq)“(q=)N-«=K(l-q»)"(q*)N-" (5) 

where 

N! 

K=- 

n!(N-n)! 


The value to be estimated is p*, so that setting 


we obtain 


0 = p* 


q= 

Putting this value of q in equation (5), we get 

P = K(2\/tf-fl)“(I-v/tf)*N-*». (6) 


Taking natural logarithms, 

L=log P=log K-t-n log (2\/fl-fl)+(2N-2n) log (l-\/fl) 
dL_n{i-V0) N-n 

de~e{2-\/e) 

d*L_(N-n)(l-2v^) n nCl-VJ) 

de^~ 2\/9(Ve-e)~ 2 e\/$i 2 -\/ey ~e\ 2 -y/f)‘ 

Substituting =p* and n «Np(2 -p), we have 

a*L _ N 
a(p*)*"~p»(2-p) ■ 


( 8 ) 
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The variance of p*, 


2n*= — 




1 p*(2-p) 


d*L N 


(9) 


a(p*)» 


Substituting p = l —v'l —cfB, we get 

P.E. p2 = + .6745^1 - • 

The complete equation involved is thus 

9 B = (1 - ±.6745( 1 -/|/ 


cfB 

N 


( 10 ) 


( 11 ) 


From table 1, for any proportion of males showing a dominant sex-influ¬ 
enced character, the proportion of females who may be expected to show 
the character may be directly read. 


Table 1 

7'able of values of 9B = (/ —V/—cTb)* 

The values of to two deehnal places are given in the left-hand column; the t hird decimal 
place for each value is given in the top row Thus for the proportion of 9 B is .0287; for 

^B^.dld it is .0299. 


cfii 

.000 

.001 

.002 

.003 

.004 

.005 

.006 

.007 

.008 

.009 

.000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.010 

.0000 

.0000 

.0000 

.0000 

,0000 

.0001 

.0001 

.0001 

.0001 

.0001 

.020 

.0001 

.0001 

.0001 

.0001 

.0001 

.0002 

.0002 

.0002 

.0002 

.0002 

.030 

.0002 

.0002 

.0003 

.0003 

.0003 

.0003 

.0003 

.0003 

.0004 

.0004 

.040 

.0004 

.0004 

.0005 

.0005 

.0005 

.0005 

.0005 

.0006 

.0006 

.0006 

.050 

.0006 

.0007 

.0007 

.0007 

.0007 

.0008 

.0008 

.0008 

.0009 

.0009 

.060 

.0009 

.(X)10 

.0010 

.0010 

.0011 

.0011 

.0011 

.0012 

.0012 

.0012 

.070 

.0013 

.0013 

.0013 

.0014 

.0014 

.0015 

.0015 

.0015 

.0016 

.0016 

.080 

.0017 

.0017 

,0018 

.0018 

.0018 

.0019 

.0019 

.0020 

.0020 

.0021 

.090 

.0021 

.0022 

.0022 

.0023 

.0023 

.0024 

.0024 

.0025 

.0025 

.0026 

.100 

.0026 

.0027 

.0027 

.0028 

.0029 

.0029 

.0030 

.0030 

.0031 

.0031 

.110 






.0035 

.0036 

.0036 

.0037 

.0038 

.120 


.0039 

.0040 

.0040 

.0041 






.130 



.0047 

.0047 

.0048 






.140 

.0053 

.0054 

.0054 

,0055 

,0056 


.0058 

.0058 

.0059 

.0060 

.150 

.0061 

.0062 

.0063 

.0063 

,0064 

.0065 

.0066 

.0067 

.0068 

,0069 

.160 

.0070 

,0071 

,0072 

.0072 

.0073 

.0074 



.0077 

,0078 

.170 

.0079 

.0080 

.0081 

.0082 

,0083 

.0084 



.0087 

.0088 

.180 

.0089 

.0090 

.0091 

.0092 

.0093 

.0095 



.0098 

.0099 

.190 

.0100 

*0101 

.0102 

.0103 

,0104 

,0106 



.0109 

,0110 
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Table 1. ( Continued ) 
Table of V(dues of ^ — 


cfB 

.000 

.001 

.002 

.003 

.004 

.005 

.006 

.007 

.008 

.009 

.200 

.0111 

.0113 

.0114 

.0115 

.0116 

.0117 

.0119 

.0120 

.0121 

.0122 

,210 

.0124 

.0125 

.0126 

.0127 

.0129 

.0130 

.0131 

.0133 

.0134 

.0135 

.220 

.0136 

.0138 

.0139 

.0140 

.0142 

.0143 

.0145 

.0146 

.0147 

.0149 

.230 

.0150 

.0151 

.0153 

.0154 

.0156 

.0157 

.0159 

.0160 

.0161 

.0163 

.240 

.0164 

.0166 

.0167 

.0169 

.0170 

.0172 

.0173 

.0175 

.0176 

.0178 

.250 

.0179 

.0181 

.0183 

.0184 

.0186 

.0187 

.0189 

.0191 

.0192 

.0194 

.260 

.0195 

.0197 

,019<) 

.0200 

.0202 

.0204 

.0205 

.0207 

.0200 

.0210 

.270 

.0212 

.0214. 

.0215 

.0217 

.0219 

.0221 

.0222 

.0224 

.0226 

.0228 

.280 

.0229 

.0231 

.0233 

.0235 

.0237 

.0238 

.0240 

.0242 

.0244 

.0246 

.290 

.0248 

.0250 

.0251 

.0253 

.0255 

.0257 

.0259 

.0261 

.0263 

.0265 

.300 

.0267 

.0269 

.0271 

.0273 

.0275 

.0277 

.0279 

.0281 

.0283 

.0285 

.310 

.0287 

.0289 

.0291 

.0293 

.0295 

.0297 

.02W 

.0.^01 

.0303 

,0305 

.320 

.0308 

.0310 

.0312 

.0314 

.0316 

.0318 

.0320 

.0323 

.0325 

.0327 

.330 

.0329 

.0332 

.0334 

.0336 

.0338 

.0340 

.0343 

.0345 

.0347 

.0350 

.340 

.0352 

.0354 

.0357 

.0359 

.0361 

.0364 

.0366 

.0368 

.0371 

.0373 

.350 

.0375 

.0378 

,0380 

.0383 

.0385 

.0388 

.03tX) 

.0393 

.0395 

.0398 

.360 

.0400 

.0403 

.0405 

.0408 

.0410 

.0413 

.0415 

.0418 

.0420 

.0423 

,370 

.0425 

.0428 

.0431 

.0433 

.0436 

.0439 

.0441 

.0444 

.0447 

.0449 

.380 

.0452 

.0455 

,0457 

.0460 

.0463 

.0466 

.0468 

.0471 

.0474 

.0476 

.390 

.0479 

.0482 

.0485 

.0488 

.0491 

.0494 

.0497 

.0499 

.0502 

.0505 

.400 

.0508 

.0511 

.0514 

.0517 

.0520 

.0523 

.0526 

.0529 

.0532 

.0535 

.410 

.0538 

.0541 

.0544 

.0547 

.0550 

.0553 

.0556 

.0559 

.0562 

.0.565 

.420 

.0568 

.0572 

.0575 

,0578 

.0581 

.0584 

.0587 

.0591 

.0594 

.0597 

.430 

.0600 

.0604 

.0607 

.0610 

.0613 

.0617 

.0620 

.0623 

.0627 

.0630 

.440 

.0633 

.0637 

.0640 

.0644 

.0647 

.0650 

.0654 

.0657 

.0661 

.0664 

.450 

.0668 

.0671 

.0675 

.0678 

.0682 

.0685 

.0689 

.0692 

.0606 

.0699 

.460 

.0703 

,0707 

.0710 

.0714 

.0718 

.0721 

.0725 

.0729 

.0732 

.0736 

.470 

.0740 

.0744 

.0747 

.0751 

.0755 

.0758 

.0762 

.0766 

.0770 

.0774 

.480 

.0778 

.0782 

.0786 

.0789 

.0793 

.0797 

.0801 

.0805 

.0809 

.0813 

.490 

.0817 

.0821 

.0825 

.0829 

.0832 

.0837 

.0841 

.0846 

.0850 

,0854 

.500 

.0858 

.0862 

.0866 

,0870 

.0875 

.0879 

.0883 

.0887 

.aS91 

.0896 

.510 

.0900 

.0904 

.0909 

.0913 

.0917 

.0922 

.0926 

.0930 

.0935 

.0939 

.520 

.0944 

.0948 

.0952 

.0957 

.0961 

.0966 

.0970 

.0975 

.0980 

.0984 

.530 

.0989 

.0993 

.0998 

.1003 

.1007 

.1012 

.1016 

,1021 

.1026 

.1031 

.540 

.1035 

.1040 

.1045 

.1050 

.1054 

.1059 

.1064 

.1069 

.1074 

.1079 

.550 

.1084 

.1089 

.1093 

.1098 

.1103 

.1108 

.1113 

.1118 

,1123 

.1128 

.560 

.1134 

.1139 

.1144 

.1149 

.1154 

.1159 

.1164 

.1169 

.1175 

.1180 

.570 

.1185 

.1190 

.1196 

.1201 

.1206 

.1212 

.1217 

.1222 

.1228 

.1233 

.580 

.1239 

.1244 

.1249 

.1255 

.1260 

.1266 

.1271 

.1277 

.1283 

.1288 

.590 

.1294 

.1299 

.1305 

.1311 

.1316 

.1322 

.1328 

-1334 

.1339 

4345 
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Table 1. {Continued) 

Table of Valucs of 9B — — efij)* 


cTB 

.000 

.{X)l 

.002 

.003 

.004 

.005 

.006 

.007 

.008 

.009 

.600 

.1351 

.1357 

.1363 

.1368 

.1374 

.1380 

.1386 

.1392 

.1398 

.1404 

.610 

.1410 

.1416 

.1422 

.1428 

.1434 

.1440 

.1446 

.1453 

.1459 

.1465 

.620 

.1471 

.1477 

.1484 

.1490 

.1496 

.1502 

.1509 

.1515 

.1521 

.1528 

.630 

.1534 

.1541 

.1547 

.1554 

.1560 

.1567 

.1574 

.1580 

.1587 

.1593 

.640 

.1600 

.1607 

.1613 

.1620 

.1627 

.1634 

.1640 

.1647 

.1654 

.1661 

.650 

.1668 

.1675 

.1682 

.1689 

.1696 

.1703 

.1710 

.1717 

.1724 

.1731 

.660 

.1738 

.1745 

.1752 

.1760 

.1767 

.1774 

.1781 

.1789 

.1796 

.1803 

.670 

.1811 

.1818 

.1826 

.1833 

.1841 

.1848 

.1856 

.1863 

.1871 

.1879 

.680 

.1886 

.1894 

.1902 

.1909 

.1917 

.1925 

.1933 

.1941 

. 1949 

.1957 

.690 

.1964 

. 1972 

. 1980 

.1988 

.1997 

.2005 

.2013 

.2021 

.2029 

.2037 

.7(K) 

.2046 

.2051 

.2062 

.2070 

.2079 

.2087 

.2096 

.2104 

.2113 

.2121 

.710 

.2130 

.2138 

.2147 

.2156 

.2164 

.2173 

.2182 

.2190 

.2199 

.2208 

720 

.2217 

.2226 

2235 

.2244 

.2253 

.2262 

.2271 

.2280 

.2289 

.2298 

.7.W 

.2308 

.2317 

.2326 

.2336 

.2345 

.2354 

.2364 

.2373 

.2383 

.2.^92 

.740 

.2402 

.2412 

.2421 

.2431 

.2441 

.2450 

.2460 

.2470 

.2480 

.2490 

.750 

.2500 

.2510 

.2520 

.2530 

.2540 

.2551 

.2561 

.2571 

.2581 

.2592 

.im 

.2602 

.2612 

.2623 

.2633 

.2644 

.2655 

.2665 

.2676 

.2687 

.2698 

.770 

.2708 

.2719 

.2730 

.2741 

.2752 

.2763 

.2774 

.2785 

.2797 

.2808 

.780 

.2819 

.2831 

.2842 

.2853 

.2865 

.2876 

.2888 

.2900 

.2911 

.2923 

.7‘^ 

.2935 

.2947 

.2959 

.2971 

.2983 

.2995 

.3007 

.3019 

.3031 

.3043 

.800 

.3056 

.3068 

.3081 

,3093 

.3106 

.3118 

.3131 

.3144 

.3156 

.3169 

.810 

.3182 

.3195 

,3208 

,3221 

.3234 

.3248 

.3261 

.3274 

.3288 

.3301 

.820 

.3315 

.3328 

.3342 

.3356 

.3370 

.3383 

.3397 

.3411 

.3425 

.3440 

.830 

.3454 

.3468 

.3482 

.3497 

.3511 

.3526 

.3540 

.3555 

.3570 

.3585 

.840 

.3600 

.3615 

.3630 

.3645 

.3661 

.3676 

.3691 

.3707 

.3723 

.37.^8 

.850 

.3754 

.3770 

.3786 

.3802 

.3818 

.3834 

.3851 

.3867 

.3883 

.3900 

.860 

.3917 

.3933 

.3950 

.3967 

.3984 

.4002 

.4019 

.4036 

.4054 

.4071 

.870 

.4089 

.4107 

.4125 

.4143 

.4161 

.4179 

.4197 

.4216 

.4234 

.4253 

.880 

,4272 

.4291 

.4310 

.4329 

.4348 

.4368 

.4387 

.4407 

.4427 

.4447 

.890 

.4467 

.4487 

.4507 

.4528 

.4548 

.4569 

.4590 

.4611 

.4633 

.4654 

.900 

.4675 

.4697 

.4719 

,4741 

.4763 

.4786 

.4808 

.4831 

.4854 

.4877 

.910 

.4900 

.4923 

.4947 

.4971 

.4995 

.5019 

.5043 

.5068 

.5093 

.5118 

.920 

,5143 

.5169 

.5194 

.5220 

.5246 

.5273 

.5299 

.5326 

.5353 

.5381 

.930 

.5408 

.5436 

.5465 

,5493 

.5522 

.5551 

.5580 

.5610 

.5640 

.5670 

,940 

.5701 

.5732 

.5763 

.5795 

.5827 

.5860 

.5892 

.5926 

.5959 

.5993 

.950 

.6028 

.6063 

.6098 

.6134 

.6170 

.6207 

.6245 

.6283 

.6321 

.6360 

.960 

.6400 

.6440 

.6481 

.6523 

.6565 

.6608 

.6652 

.6697 

.6742 

.6789 

.970 

.6836 

.6884 

.6933 

.6984 

,7035 

.7088 

.7142 

.7197 

.7254 

.7312 

.980 

.7372 

.7433 

.7497 

.7562 

.7630 

.7701 

.7774 

.7850 

.7929 

.8012 

.990 

.8100 

.8193 

.8291 

.8397 

.8511 

.8636 

.8775 

,8935 

.9126 

.9378 
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INTRODUCTION 

R oberts (IQIS) first reported the increase in size of the wings of 
the vestigial mutant of D. mclanogaster when reared at high tempera¬ 
tures and showed that the effect was more pronounced in the males than 
in the females. Stanley (1928) stated that “the length of vestigial wing 
varies directly with the temperature, but not in direct proportion.” I 
have shown (193()a) that there is a critical temperature for the increase 
in the length of the vestigial wings and that the marked change occurs in 
the females at a temperature 1° higher than in the males, a response 
showing sexual dimorphism. The curves for total development at one 
temperature of Stanley (1931) and mine (193()a) were similar over the 
temperature range examined (17° to 31°). In preliminary reports (1930b, 
1932, 1933) I have indicated that the temperature-effective period for 
increasing the size of the vestigial wings at 30°, 31°, 32°, and 33° C. is 
during the larval period commencing at approximately bO hours and ex¬ 
tending for various intervals with different maximum rates depending 
upon the sex of the individuals and the temperature experienced by the 
larvae. Stanley (1931) found entirely different temperature-effective 
periods at 17° and 27° but in his recent paper (1935) he reports intervals 
at 30° and 31° easily harmonized with the periods reported here. 

STOCKS AND METHODS 

An inbred stock of vestigial winged flies should be homozygous for 
practically all the genes concerned in wing development and consequently 
the variability due to recombinations of modifying genes would be reduced 
to a minimum. Single pair brother-sister matings were made and selection 
was practiced in each generation, the sib matings being made from the 
bottle showing the best yield and with the flies showing the largest vesti¬ 
gial wings. The selection practiced should accelerate the approach to 
homozygosity. 

The food used in the experiments was the customary banana-agar jell. 
The bananas used throughout the experiments were uniformly overripe 
(the skins dark brown), but not decayed, and a 1 percent agar-agar me- 
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dium was used. The food was poured to a depth of 25 mm. in 1X4 inch 
vials and yeasted 24 hours before the parents entered the vials. The same 
batch of food was used at both temperatures and for all time intervals in 
any one trial. 

In the final experiments the same parents produced the eggs for the 
trials at 30° and 32°, 31° and 32°, and 31° and 33° C.; repeated trials being 
alternated between these temperature combinations. Thus comparable 
data should be produced for these four temperatures. One-hour egg-laying 
periods at 25° with eight pairs of flies per vial were used for the experi¬ 
ments at 30°, 31°, and 32°. The number of eggs deposited in each vial was 
below the limits of “the crowding effect” on the wings. These vials re¬ 
mained in the 25° incubator for 24 hours. At the end of this period practi¬ 
cally all the eggs had hatched Harnly (1929). Preliminary tests had shown 
no temperature effect on the wings during the first 48 hours of develop¬ 
ment. The vials were then placed at two of the experimental temperatures. 
Kggs from the same parents were placed at all time intervals at both 
temperatures, thus distributing any residual genetic variability uniformly 
throughout the experiment. Beginning at 48 hours of total development 
and every 4 hours thereafter sets of vials were returned to the 25° incuba¬ 
tors for the completion of development and the emergence of the adult 
flies. 

temperature of 33° was nearly 2° above the lethal point for the com¬ 
plete development and emergence of the flics of this vestigial stock. A 
procedure was developed which would carry a fair number to puparium 
formation at 33°. A 3-hour egg-laying interval was used and the first 48 
hours of development took place at 25°. The larvae in vials transferred at 
this time from 25° to 33° entered the temperature-effective period some 
twelve or more hours later. Beginning at 72 hours of total development 
and every 12 hours thereafter sets of vials were transferred from 33° to 
25° for the completion of development and emergence of the adult flies. 
The larvae had great difficulty in forming puparia at 33°. Most of them 
moved up on the walls of the vials and crawled around on the surface of 
the glass for several hours until death resulted apparently from excessive 
drying. To overcome this hazard the larvae were removed from the walls 
of the vials with a moistened camel s hair brush every 2 to 4 hours and re¬ 
turned to the surface of the food during the puparium formation period 
at 33°. With this procedure many of them succeeded in forming puparia 
and, if placed at a lower temperature presumably before the time of pupa¬ 
tion proper, succeeded in completing their development and emerging as 
adult flies. No emerged flies have been obtained from total development 
at either 32° or 33° with this stock. Total and partial development was 
tried repeatedly at 34°, 35°, and 36° without much success. 
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The accuracy of the incubators used was + 0.05° C., the temper¬ 
atures being determined through the double glass door with burette 
readers from standardized thermometers graduated to 0.1° C. The incuba¬ 
tors used in our laboratory for temperature work are all small units with 
only one shelf and an electric fan maintains a forced circulation of the air 
within the incubator. The thermostats are grids of glass tubing containing 
toluol and are closed by a mercury column having a movement in the cap¬ 
illary arm of an inch and a half per degree centigrade. The thermostat 
carries a very small current thus preventing sparking and fouling of the 
mercury surface and it controls the polarity on the grid of a radio tube. 
This in turn operates a telegraph relay carrying on its rocker arm a tube 
in which the heating circuit is made and broken in mercury, thus removing 
the common difficulty of frozen contact points in the heating circuit and 
the resultant death of the cultures. The lag is negligible and the heating 
circuit is made and broken on an average of once in 60 to 90 seconds. The 
air accuracy of these incubators is ±0.05° C. but tests with thermocouples 
placed in the surface of the food in which the larvae arc feeding show no 
perceptible fluctuation between the on and off position in the temperature 
of the food surrounding the larvae. This control mechanism will maintain 
a constant temperature for months without any adjustment. 1'he 25° 
incubators were kept in a cold room (10° C.) which had a variation of less 
than 1° and the 30°, 31°, 32°, and 33° incubators were kept in a room 
where the temperature varied from 20° to 22° C. 

The right wings of the emerged flics were removed under a binocular 
microscope, mounted in 95 percent alcohol under a cover slip, projected 
with a compound microscope and a 500 watt lamp, and drawn. The linear 
magnification was 115. The lengths were determined by projecting a 
Leitz 2 mm slide ruled to 0.01 mm onto the drawings. 'I'he areas were 
determined with a Keuffel and Esser compensating polar planimeter no. 
4242. The mean values for each time interval were determined from the 
lengths and areas of an average of fifty males and fifty females except 
the last few points at each temperature. Due to the high death rate for 
long exposures these points are the mean value of twenty-five to forty 
surviving individuals. Six trials were made at each temperature, 

TEMPERATURE-EFFECTIVE PERIODS 
A. Preliminary tests 

The preliminary tests on the temperature-effective period were reported 
in London (Harnly 1930 b). They were made on the twelfth generation 
of brother-sister matings with transfers from 31° and 32° to 29° and recip¬ 
rocal transfers from 29° to 31° C. Since the preliminary experiments had 
shown that the temperature-effective period began late in the third day 
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of development it was not necessary in the final tests to make transfers 
from the high temperatures to 25° before the first 48 hours of development 
had been completed. This allowed a check interval at the high tempera¬ 
tures of over 12 hours before the beginning of the critical period. 

B. Periods and growth curves for length and area 
The final experiments were performed at 30°, 31°, and 32° with transfers 
at 4-hour intervals to 25° C. and at 33° with 12-hour transfer periods. 
'I'hese experiments extended from the thirty-firstthrough the fiftieth genera¬ 
tion of the sib matings. In figures 1, 2, and 3 are plotted the mean length 



of the male and female vestigial wings for the total developmental time in¬ 
tervals at which the individuals were transferred from the higher tem¬ 
perature to the 25° incubators for the completion of development and 
emergence. 

From the curves (smoothed by eye) it is evident that the temperature- 
effective period for wing length began for the males at 30° between 60 and 64 
hours and ended between 80 and 84 hours of total development, a duration 
of some 20 hours, and terminating 27 hours before the mean time of pu- 
parium formation (111 hours). At 31° the rise began in the curve for the 
males at the same time as at 30° (that is, 64 hours) but instead of leveling 
off at 84 hours it continued upward as a sigmoid curve approaching its 
asymtote at 112 hours, the mean time of puparium formation for this 
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stock at A rise of 1° had affected neither the length of the egg-larval 
period nor the inception of the temperature-effective period but had 
changed the termination time; its duration being prolonged from 20 hours 
to 48 hours, an increase of 140 percent, accompanied by a 67 percent 
increase in wing length. Thirty-one degrees was close to the lethal point 
and 32° was above it for total development. Furthermore the larval period 
was prolonged something over 24 hours at 32° and the initiation of the 
temperature-effective period was retarded approximately 4 hours (68 
hours) in comparison with 30° and 31° (64 hours). The duration of the 
effective period was again 48 hours (to 116 hours), though puparium for¬ 



mation did not come until much later. The wings of the males at 32° were 
longer than those developed at 31°; this increase of 1° had not affected 
the duration of the temperature-effective period but did result in a higher 
maximum rate of wing development. The major change in the vestigial 
wings of the males at 32° was in the area. Due to the high mortality during 
the latter part of the developmental period at 33° only sufficient data was 
obtained to establish the five points between 72 hours and 120 hours. The 
linear equation 

^ y = 0.01592x-0.357 


appears to describe these five points. 

The female period for wing length at 30° began between 60 and 64 
hours and ended between 68 and 72 hours of total development (puparium 
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formation 107 hours), an effective period of some 8 hours. Commencing 
at the same time at 31° the effective period was lengthened from 8 to 20 
hours, the curve leveling off between 80 and 84 hours. The termination 
point for the females at 31° was not associated with puparium formation 
which came some 30 hours later (114 hours). The growth curve for the 
females at 32° started approximately 4 hours later than at 31° but instead 
of leveling off around 84 hours it proceeded upward apparently as a 
straight line through the rest of the time interval examined. The linear 

equation y = 0.015y2x-0.391 



appears to describe all the points determined during this temperature- 
effective period with the exception of the first few points. It is obvious from 
the data and an inspection of the figures that the rises of 1° from 30° to 
31° and from 31° to 32° though they did not significantly affect the incep¬ 
tion of the temperature-effective period in the females did markedly affect 
its termination, the periods at 30°, 31°, and 32° being respectively 8, 20 
and some undetermined period more than 70 hours in duration. The five 
points at 33° for which sufficient data w’as obtained appear to fit the equa- 

y=0.01592x-0.326. 

The equations for the females at 32° and the males and females at 33° 
differ only in the intercept, the slope being the same for all three. 
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The close fit of the straight line drawn for the females at 32* to all 
the points determined experimentally, except the first few points in the 
temperature-effective period, raises the question as to whether or not the 
beginning of this period was sharply defined in time. From the curves in 
figures 1 and 2, either the temperature-effective period began at the same 
moment in time for all the individuals and the rate increased during the 
first few hours, or individuals all of the same chronological age entered 
this critical period of ontogeny at different times and each of the first two 
or three points represented more and more individuals in the effective 
period. Even the most superficial examination of the drawings for either 



sex at any one of these temperatures demonstrates conclusively that the 
latter alternative was correct for both the beginning and end of the period. 
The temperature-effective period as used here denotes that interval in 
time from the entrance of the first few larvae into the critical period until 
the last have passed beyond it. The value is that of the whole population. 
In work of this type with D. melanogaster it is impossible to determine 
this value for a single individual since only one measurement in time can 
be made on it. The results presented here make possible a new technique 
by which more accurate values will probably be obtained in subsequent 
work with other alleles at this locus. Attention has been called to this prob¬ 
lem in recent work on the scute and Bar loci (Child 1935, Margolis 
1935). 
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The wing areas arc plotted against time of transfer in figures 4, 5, and 
6. When one considers the data for the males at 30°, 31°, and 32° in figures 
1 and 4 it is obvious that there are only minor differences in the curves 
and time intervals for the length and for the area of the wings. The effec¬ 
tive period for wing area began slightly later than that for .wing length. 
It would seem that the beginning of the period involved a slight increase 
in length at the expense of the width with no resultant change in area. 
The termination times for both length and area seem to have coincided 
at each temperature, h'or area as for length the duration of the tempera¬ 
ture-effective period was prolonged markedly with a rise of 1° from 30° 



to 31° and there was a pronounced increase in the ma.ximum rate with no 
significant change in the duration at 32°. d'he major change in wing form 
from 31°to32° was in the width and area of the wing accompanied by only a 
minor increase in wing length. The curve for area at 33° was very definitely 
not linear and the wing forms were similar to those at 32° for the males. 

The changes in wing length and wing area for the females were likewise 
very similar. The beginning of the temperature-effective period seemed to 
come a little later for wing area than for wing length but they both ended 
apparently at the same time for each temperature. The rises of 1° from 
30° to 31° and from 31° to 32° each lengthened the effective period signifi 
cantly. The five points determined for wing area of the females at 33° 
were not linear. 
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The sexual dimorphism previously reported at high temperatures 
(Roberts 1918; Harnly 1930a, b; Stanley 1928, 1931) was obviously 
due to differences between the males and the females both in rates of 
“wing formation” and durations of the effective period at each tempera¬ 
ture. At 30° the length of the temperature-effective period of the males 
was several times that of the females. The effective period for the females 
at 31° was 20 hours (male duration at 30°) and the curve was practically 
identical in time with that for the males at .30°, but with a higher value 
throughout. However, the male duration had changed at 31° from 20 
hours to 48 hours, continuing the sexual dimorphism at this temperature. 
A rise of 1° did not modify the inception of the temperature-effective 
period but had retarded its termination differently for the two sexes. 7'he 
same length and area was attained in the wings of the males and the fe¬ 
males at 32° but it is very evident from the curves that the growth proc¬ 
esses were markedly different and the effective period was probably 
considerably longer for the females than for the males. If they could have 
been carried for a longer period at 32° the curves indicate that the wings 
of the females might have been larger than those of the males at this 
temperature. In the trials at 32° sets of vials were carried for transfer 
periods considerably beyond 132 hours since it was known that puparium 
formation came later there. Unfortunately 132 hours was practically the 
time toleration limit and only a few individuals were obtained beyond 
that point. These occasional survivors had still larger wings and, though 
they do not prove it, agree with the assumption that if development 
could go through to completion of the temperature-effective period for 
the females at 32°, the two sexes would still show a difference in wing size, 
but at this point the wings of the females would be larger than those of 
the males; a complete reversal of the sexual dimorphism to that found in 
the wild type wings. 

In the light of this assumption the curves for the males and the females 
at 33° are of interest. The mean values for the wings of the females were 
larger than those of the males at the five points examined between 72 
and 120 hours (figures 3, 6), a reversal of the position of the growth curves 
of the two sexes for vestigial. It has been shown that the wild type wing 
and many other structures vary inversely with temperature (Lutz 1913, 
Alpatov and Pearl 1929, Alpatov 1930b, Eigenbrodt 1930, Imai 1933, 
Stanley 1935). Stanley (1935) has found that the wings of homozygous 
long-winged (wild type) females were consistently and markedly longer 
than those of the males for each transfer interval during the temperature- 
effective periods at 17°, 27°, and 30° C. and the longer the developmental 
period passed at the higher temperatures, the smaller the wings. Both 
variation with temperature and with time and the relative sizes of the 
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wings of the two sexes were reversed in homozygous vestigial flies as op¬ 
posed to the normal allele. But at 33®, though the wing size still increased 
with time its relative size for the males and females had been changed 
toward the wild type condition. This indicates that there had been a 
change in the developmental processes producing in these curves of the 
male and female vestigial genotypes at 33® a partial simulation of the 
normal long-wing genotype growth curves. However it was only a partial 
simulation since wing size for the vestigial flies still varied directly with 
the length of time the larvae were exposed to 33®. Furthermore there was 
never any close approach to the normal phenotype in cither sex genotypi- 
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cally homozygous for vestigial. As I have pointed out before (Harnly 
1932), the mutant gene vestigial seems to determine the minimum and 
maximum size of the wings, the potential size being determined by the 
vestigial gene together with other genes affecting the wings and the exact 
expression is determined by the gene complex acting in a specific environ¬ 
ment during development. 

From the data presented above it was evident that the temperature- 
effective period ended long before the time of puparium formation for the 
males and the females at 30° and for the females at 31° though here the 
two events seemed to coincide in the males. At 32° the effective period 
terminated in the males long before puparium formation but this relation¬ 
ship could not be determined for the females due to the lethal effect of 
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exposures beyond 132 hours at this temperature. An experiment was per¬ 
formed to determine whether or not the efTcctive period had ended in the 
males by the time puparia were formed at 31°. 

C. Termination test 

Eggs from the same parents were obtained by repeated 1-hour egg- 
laying periods and allowed to hatch at 2.5° (24 hours development). I’hc 
vials were then transferred to 31° for the larval period. With the beginning 
of puparium formation hourly examinations were made and the newly 
formed puparia isolated on agar-agar slants in vials. Each hourly set of 
puparia (prepupae) from a given vial were divided into three groups, 
consequently any differences due to the number of hours passed in the 
egg-larval period would be uniformly distributed through the test. At 
each hourly isolation the first group of puparia were immediately placed 
at 25° for further development and emergence; the second group of iso¬ 
lated puparia passed an additional 6 hours at 31° and were then trans¬ 
ferred to the 25° incubators; and the third group spent 12 hours more at 
31° (by which time pupation proper had occurred in all of them) before 
they were placed in the 25° incubator for further development and emer¬ 
gence. There was no further increase in size due to exposure to 31° beyond 
the hour of puparium formation. 

TEMPERATURE AND GENERAL RATE OF DEVELOPMENT 

Any interpretation of the results depends on whether these high tem¬ 
peratures affected proportionately or disproportionately the <luration of 
the effective period and the duration of the general developmental periods, 
especially the duration of the egg-larval period. The following experiments 
were performed to answer this question. 

A. Methods 

The usual procedure for the exact timing of development was followe<l 
(Li 1927, Harnly 1929). Single pair matings of the inbred vestigial flies 
were used. The eggs were deposited on blotting-paper slips which were 
then placed on end in 1X4 inch vials containing food 25 mm deep. All 
the eggs were laid during 1-hour periods at 25° C. At the end of this inter¬ 
val the slips were removed and so distributed that approximately equal 
numbers of eggs from each female were placed at 25°, 29°, 30°, 31°, and 
32°. All subsequent development took place at the temperatures indicated. 
Hourly examinations were made during the hatching period and at the 
time of puparium formation. Each puparium was placed on a 2 percent 
agar-agar slant in a separate vial. The time of emergence and sex of each 
adult was determined by hourly examinations of these isolated puparia 
during the cmergence*period. 
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B. Effects on the rate of development 

The mean duration of the embryonic period (hours required to hatch 
the eggs) was 21.7 hours at 25°. This was practically the same value found 
previously for vestigial flies and the frequency curve conformed to the 
earlier one showing no signs of a bimodal distribution (Harnly 1929). 
The frequency distribution curves for hatching at the higher temperatures 
were also simple sharp unimodal curves. The maximum effect occurred 
between 25° and 29°, and over the range of 29° to 32° there was no signifi¬ 
cant change in the duration of this developmental period(19.4 to 19hours). 
'I'he major effect of temperature on the length of the embryonic period 
occurred below the critical temperatures which were found to increase the 
size of the vestigial wings (30°cf cf, 31° 9 9). 

The durations of the egg-larval periods (hours from egg-laying to pu- 
parium formation) for the males and the females are stated in table 1. 
An increase of 4° (25° to 29°) reduced the egg-larval period 17 hours (14 
percent) for the males and 10 hours (8.6 percent) for the females, these 
changes appearing in a temperature range below the critical points for 
the wings of the males and the females. A rise from 29° through the critical 
point for the vestigial wings of the males to 30° produced an increase of 
6.7 hours in the egg-larval period of the males, but no change occurred in 
the duration of the egg-larval period for the females. Conversely a rise in 
temperature through the critical point for the wings of the females from 
30° to 31° had only a very slight effect on the egg-larval period of the males 
but lengthened this period 7.2 hours for the females. The lethal point for 
complete development of the vestigial winged flies was practically reached 
at 31°, very few adults emerging, and had been passed at 32°. Conse¬ 
quently the egg-larval period was determined for those larvae W'hich 
formed puparia at 32° and as no adult flies emerged the sexes were not 
separated. 


Table 1 

Duration of developmental periods in iiourSy 4 trials. 


* c 

SOQ-LAKVAl. 


KOO-LARVAL-PUPAL 


lIKANi P.B. 

<r 

MBAN±P.B. 

<r 


121.35±1.37 

10.37 

229.81 ±1.48 

11.18 

9 

117.37±1.09 

8.38 

219.42± 1.39 

10.50 

29 d* 

104.14±0.82 

6,53 

192.69±0.91 

7.26 

9 

106.78 + 0.87 

8.26 

192.63 + 0.96 

9.13 

30c? 

110.86±1,61 

12,83 

195.79± 1.10 

8.75 

9 

106.83±0.82 

5.95 

189.88 + 0.83 

6.02 

31c? 

112.22±1,03 

4.59 

199.78± 1.42 

6.32 

9 

114.00±0.97 

3.22 

197.80± 1.63 

5.42 

32 

14C 07 ±1.64 

18.55 
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From the cgg-Iarval-pupal periods and the differences between them 
and the egg-larval periods in table 1 there was evidently little change in 
this period above 29° through the critical temperatures for the males and 
the females (30° and 31°). The pupal period may be ignored in this dis¬ 
cussion since there was no differential effect of temperature through the 
critical range, and since it has been shown above that the temperature- 
effective period fell entirely within the larval period of development. 

The difference of 6.7 hours in the egg-larval periods between the males 
at 29° and 30° represented an increase of 6.4 percent in this period and was 
3.72 times the probable error which is just statistically significant and is 
based on only a very limited number of surviving individuals. In compari¬ 
son with this small and questionable increase of the egg-larval period from 
29° to 30° a pronounced lengthening of the wings by some 35 percent 
occurred with the same rise of 1° in temperature (Harnly 1930a). Fur¬ 
thermore at 30° the temperature-effective period was 20 hours and bore 
no obvious relation to either the small questionable increase of the egg- 
larval period or to the periods found by Stanley (1931) at 17° and 27°. 
As has been shown above with identical egg-larval periods at 30° and 31° 
there was an increase of 140 percent in the duration of the temperature- 
effective period and the wings were lengthened 67 percent at 31°. The 
same situation was found throughout for the females. In the light of these 
facts and all the data it seems probable that the effects of temperature 
above 29° on the duration of the major periods of development (embry¬ 
onic, egg-larval, and egg-larval-pupal) offer no explanation of either the 
critical temperatures or the sexual dimorphism. Temperature through its 
effect on the duration of the critical period for wing development and the 
rate during that period affects not only the length and area of the wings 
produced, but also through the same processes the wing form or pattern. 
The result is not simply more wing of the same kind but a definite ordered 
progression toward the normal type of wing. 

GROWTH PATTERN OF WING FORM 

Genotypically homozygous vestigial flies show an interesting succession 
of phenotypes when reared at 29°, 30°, 31°, and 32°. Typical vestigial 
wings are produced at 29° and all temperatures below this point. The 
wings of the females reared at 30° are still typical but those of their bro¬ 
thers are much larger and in appearance markedly over-sized vestigial 
wings. The wings of the females at 31° have increased greatly in size as 
the male wings did at 30° and in form are the same t 5 q)e of over-sized or 
giant vestigial wing. But the wings typical for their brothers at 31° are 
no longer vestigial but the equivalents of the mutants strap to antlered 
in phenotype. Finally at 32° these genotypically vestigial males and 
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females have wings that are phenotypically the equivalent of exaggerated 
notched, or the heterozygote Wild/Carved mutants with parts of the 
lateral margins missing in many cases. The changes of this genotype with 
temperature simulating phenotypically other alleles of vestigial reared at 
25°, together with the complete progression of the genotype dimorphos 
vestigial through the vestigial allelic series from the phenotype vestigial 
at 16° to strap, antlered. Snipped, notched, Carved, vestigial-Beaded, 
nick, nicked, and finally wild or normal at 32°, and the fact that the homo¬ 
zygous genotype dimorphos vestigial through the temperature range of 
16° to 32° duplicated all of the phenotypes produced in Mohr’s (1932) 
combinations of mutants at the vestigial locus at 25° C., led to the pro¬ 
pounding of a theory of wing pattern in development in time and the 
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Figure 7 


hypothesis that mutations at the vestigial locus involved changes in the 
rate and duration in time of wing development (Harnly and Harnly 
1935). It must be remembered that mutations at this locus show changes 
in the form and amount of parts of the wing present, not changes in size 
only as in some of the other wing loci. The pattern theory advanced in¬ 
volved first growth longitudinally in the region of the II, III, and IV 
veins with no marked development in width beyond them, followed by 
growth mainly in the regions of the I and V veins, resulting in a pronounced 
increase in the width and area of the wing, the last part of the wing devel¬ 
oped being the distal margin in the region of the III and IV veins. The 
same phenotype series has been found for the vestigial genotype in time 
of development. 

This pattern series in ontogeny is shown in figure 7. These wings were 
the mean types for males spending the number of hours indicated at 32° 
and completing their development at 25°. The wing at 88 hours was simply 
an enlarged vestigial wing with a length of 1.01 mm. It was equivalent to 
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the wings of the homozygous vestigial males reared at 30° (Harnly 1930a). 
Growth from then on was mainly longitudinal in the region of the II, 
III, and IV veins. Twelve hours later (100 hours) the wing was passing 
through a stage resembling the vestigial-strap mutant, many of the wings 
being indistinguishable from the published figures of strap wing. Four 
hours later (104 hours) the wings were similar to the allele antlered wing 
figured by Mohr (1932). Beyond this interval the bulk of the growth in¬ 
volved the regions of the I and especially the V veins with only minor 
increases in length. The maximum wing type was obviously a slight ex¬ 
aggeration of the vestigial allele notched-wing. The vestigial genotype dur¬ 
ing its development at 32° had passed in phenotype successively through 
the alleles vestigial, strap, antlered, and notched. The sequence of wing 
patterns for the females at 32° was the same, but had different time values 
since the rate was much slower in the females (see figures 1 and 2,4 and 5). 
There was a definite pattern of wing development in time at 32°. 

The same series can be demonstrated at 31°. The duration for the males 
at 31° and 32° was 48 hours but the rate at 31" was much slower. Conse¬ 
quently the mean wing attained at the end of the critical period W'as 
between the two wings shown for males at 32° of 100 and 104 hours of 
development. The period for the females at 31° was much shorter than 
that at 32° and the wings only reached a value between those of 88 and 
92 hours for the males at 32° (figure 7). Changes in duration and rate with 
temperature changes had not affected the fundamental pattern of wing 
development; they simply determined the extent of the expression of that 
pattern in space. These changes in wing form with changes in duration or 
rate, together with the sequence of wing forms in time shown in figure 7, 
are in complete agreement with our hypotheses stated above and ad¬ 
vanced recently (1935). 


DISCUSSION 

The facts established by the data presented here are: (1) beginning 1° 
below the critical temperature and extending through 29°, 30°, and 31° 
there were no significant changes in the duration of the embryonic, egg- 
larval or egg-larval-pupal periods; (2) their durations were practically iden¬ 
tical for both sexes and all three temperatures; (3) the beginning of the 
critical period affecting wing formation at 30°, 31°, and 32° for the males 
and the females was the same (approximately 64 hours of total develop¬ 
ment) ; (4) the termination of this critical period varied with the sex and the 
temperature, its duration for the males being 20 hours at 30° and 48 hours 
at 31° and 32°, and for the females 8 hours at 30°, 20 hours at 31° and some 
undetermined time greater than 70 hours at 32°; (5) the rate of the devel¬ 
opmental reactions involving the wings changed with temperature, that 
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is, the duration for the males at 31° and 32° was 48 hours but the maximum 
rate at 32° was higher than that at 31° resulting in a much larger wing 
at 32°. With a constant developmental period for the whole organism, and 
a constant point in that period for the inception of the reactions involving 
the development of the wings, there were changes in both the duration and 
the rate of these reactions with changes in temperature. Obviously we 
are dealing here with an example of a diflferential effect of temperature 
on various, as yet undetermined, developmental processes. (6) From the 
wing types produced by homozygous vestigial, homozygous dimorphos 
vestigial, homozygous pennant, heterozygous pennant/vestigial, and di- 
morphos/dimorphos i)ennant/vestigial through the range of 16° to 32° 
and from the wings produced in the temperature transfers just dis¬ 
cussed it has become evident that (a) there is a definite pattern of wing 
development in time, (b) the degree of expression is dependent on the dura¬ 
tion and rate of processes occurring in the larval period of the vestigial 
genotype, and (c) apparently mutations at the vestigial locus affect the 
duration and rate of these developmental processes. Any attempted gen¬ 
eral interpretation of these facts must fit both the data presented here 
and the results of Stanley (1931, 1935). 

Stanley (1931) reported on the temperature-effective periods at 17° 
and 27° C. for vestigial wing and recently (1935) on those at 30° and 31° 
for vestigial wing and 17°, 27°, and 30° for the wild type normal allele of 
vestigial wing together with the heterozygotes at 17° and 27° C. With 
two temperatures common to his work and the data presented here certain 
comparisons can be made and conclusions may be drawn. Both his work 
(1931) and mine (1930a) show the same critical temperatures for the 
vestigial wings of the males and for the wings of the females. But there 
are significant differences for wing length at the higher temperatures 
resulting in somewhat different curves; differences on the whole constant 
and consistent in all our experiments. 

His wing length for total development of males at 29° was 0.98 mm and 
mine 0.74 mm; at 30° we obtained 1.52 mm and 1.00 mm respectively; 
and at 31° we differed by 1.64 mm and 1.70 mm. The same differences 
were again consistently present in the maximum mean wing length for 
the males in his transfer experiments from 30° and 31° to a lower tempera¬ 
ture and in the data presented here for the transferred males at those 
temperatures. Similar consistent differences throughout were evident for 
the females. My own stock was inbred and selected, Stanley's stock was 
inbred but unselected. It is obvious, I believe, that we were dealing with 
different sets of sex-linked and autosomal genes modifying the action of 
the vestigial gene. The validity of such an assumption is indicated by 
Stanley's selection and tests at the end of his experiments (1935), He 
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found that some of his heterozygous Wild/vestigial flies had ‘^beaded 
wings. From his original inbred and unselected vestigial S V A line he 
selected two new lines, S V B comparatively free of the modifying genes, 
and SVC practically homozygous for them. These three vestigial stocks 
were then tested at 29.5° and found to be significantly different in wing 
length. He says ‘^Since 29.5° is very close to the 'critical temperature’ 
for wing length, two assumptions are possible: (1) the critical tempera¬ 
ture is shifted upward by the presence of the factors, or, (2) the factors 
have a direct inhibitory effect upon wing length. It is impossible, with the 
data available, to say which of these two assumptions is nearer the truth.” 
In his case either may be correct. We have shown recently (Harnly and 
Harnly 19v35) that the critical temperature of vestigial may be lowered 
as much as 5° by the presence of the sex-linked modifier dimorphos. From 
the consistency of the values obtained throughout his work and through¬ 
out mine and the evidence advanced for the presence of modifying genes 
we may assume that those points in which our results differ were due to 
the presence of different sets of modifying genes. 

In view of those differences it is significant that we are in practical 
agreement on the moment in development at which temperature becomes 
operative. We have both found the first indications of this action in the 
vestigial flies (males and females) around 64-68 hours of development at 
30° and 31° and I have found the same point at 32°. Stanley reports 
68 hours as the critical point at 30° for homozygous Long-winged flies. 
The similar time of inception of the critical period in development for the 
wings at these temperatures in the homozygous normal allele of vestigial 
and in homozygous vestigial with either of two sets of modifying factors 
would all indicate that its initiation was probably not due so much to 
the vestigial gene or its normal allele as to the reaching of some general 
stage or process in larval development. From Chen’s work (1929) this 
stage morphologically cannot be either the first appearance of the dorsal 
mesothoracic buds, which comes much earlier in development, nor the 
first appearance of the wing buds which comes much later in ontogeny. 
The w^ork of Alpatov (1929, 1930a) on the development of wild and 
vestigial larvae indicates that the most probable morphological point of 
attack is the molt between the second and third instars. Tentatively then 
I am assuming that the critical period in wing development at these high 
temperatures is initiated in time by the molt from the second to the third 
instar. This assumption has one major advantage over the others that 
might be advanced, the facility with which it may be proved or disproved. 
By the use of a new technique it is hoped to substantiate or invalidate 
this assumption in the determination of the temperature-effective period 
for pennant, a new regressive mutation from vestigial to a recessive wild 
or normal type wing. 
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Our close agreement on the beginning of the temperature-effective 
period together with both the marked differences in our end points in 
time at 30 and 31 , and the pronounced changes 1 have found in the time 
of termination at 30 , 31°, and 32°, indicate that the beginning and end 
of this period were determined by different and independent processes. 
Turthermore, as I have shown above, the processes ending this critical 
period were not associated with the effects of temperature on the general 
rate of development. W ithout any change in either the length of the egg- 
larval period or the time at which the temperature-effective period began 
at 30° and 31°, there was an increase of 140 percent in the duration of the 
critical period with this rise of 1° for the males of our vestigial stock. 
Similar results were obtained lor the females. This rise of 1° in some way 
enabled the vestigial gt^nc to continue its activities much longer in associa¬ 
tion with the rest of the gene complex controlling those processes leading 
to wing development. This interpretation agrees with the assumption that 
the vestigial mutation produced a gene operating within the refractory 
temperature limits for a much shorter interval of time and a different 
rate from its normal allele, consequently producing during ontogeny less 
of the precursor of the ultimately formed wing bud. 4'he differences in 
the termination points and the duration of the egg-larval periods as re¬ 
lated to the duration of the temperature-effective periods determined at 
30° and 31° by Stanley and myself were probably due to the different 
sets of modifiers present in our vestigial stocks. I'hat even a single modifier 
may have a jirofound effect on the action of the vestigial gene was shown 
by the fact that the mutant sex-linked modifier dimorphos enabled the 
vestigial gene to produce wild-type wings at these high temperatures 
(Haenly and Haknly 1935). Wc may conclude that the initiation of the 
temperature-effective period at these high temperatures was dependent on 
the attainment of some developmental stage (probably the molt from the 
second to the third instar) and that its termination was independently 
determined by the response of the wdng gene complex to specific tempera¬ 
tures, the consequent durations in my stock being disproportional to the 
duration of the larval periods in which they occurred. The rates of the proc¬ 
esses concerned with wing formation were likewise dependent on or 
related to the temperature experienced during the critical period of devel¬ 
opment. Any attempt to explain further the action of the vestigial gene 
and its relation to temperature would be hazardous at this time. The 
responses of its allele pennant and the heterozygote pennant/vestigial 
in total development through the temperature range of 16° to 32° preclude 
any explanation in terms of the data available at present. These experi¬ 
ments with pennant and pennant/vestigial have been completed and will 
be reported shortly. 



MORRIS HENRY HARNLY 


102 

Goldschmidt in the course of his extensive studies on Lymanlria dispar 
presented in 1920 a general theory of the action of the genes in develop¬ 
ment, a theory which he has evolved more completely since then (Gold¬ 
schmidt 1934, complete bibliography). This theory is based on his work 
on intersexuality and pigmentation patterns in the larvae and assumes 
that the genes affect the rates and durations of processes in ontogeny. 
The data presented here on vestigial are in agreement with his hypothesis. 

SCMMARY 

1. The temperature-effective periods for the length and area of the 
vestigial wings of an inbred selected stock of D. melanogaster are reported 
for 30°, 31°, and 32°. 

2. The critical period began at approximately 64 hours for both sexes 
at these temperatures. It had a duration of 20 hours at 30° and 48 hours 
at 31° and 32° in the males and 8, 20, and some interval more than 70 
hours for the females. Rises of 1° at these temperatures did not affect the 
inception of the period but markedly affected its termination and the rate; 
that is, in the males at 31° and 32° with no change in duration there was 
a marked increase in the rate. 

3. The differences between the sexes in duration and rate with increases 
of 1° afford a formal explanation of the sexual dimorphism of the wings. 

4. A complete reversal of the relative sizes of the wings of the males 
and the females was found at 33° for all developmental points examined. 

5. There was never any close approach to the wild type wing at these 
high temperatures. The growth pattern of wing form in time is shown and 
related to the alleles at the vestigial locus and the theory of wing pattern 
and mutation stated in an earlier paper. 

6. The duration of the embryonic, egg-larval, and cgg-larval-pupal 
periods were determined at 25°, 29°, .30°, 31°, and 32°. Pronounced dif¬ 
ferences in the length of these periods were found between 25° and 29°. 
No significant changes occurred in their duration at 30° and 31°. The 
effects of temperature above 29° on the duration of the major periods of 
development offer no explanation of the critical temperatures, the sexual 
dimorphism, or the increase in wing size. The results must be due to a 
differential effect of temperature on various processes during ontogeny. 

7. The inception of the critical period in development is interpreted as 
occuring at the molt from the second to the third instar at these high 
temperatures; its termination is apparefatly independently determined by 
the gene complex (including sex) and the temperature experienced, the 
consequent durations being disproportional to the durations of the larval 
periods. The rate is likewise dependent on the gene complex and the tem¬ 
perature. 
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INTRODUCTION 

T he importance of host resistance as a factor in determining the 
incidence of infectious disease has been emphasized in recent studies. 
The methods developed in the study of genetics have provided a prac¬ 
tical means of investigating the problems of host resistance and from the 
accumulated data there can be no doubt of the existence of heritable 
factors which affect the response of the individual to infection. A bibliog¬ 
raphy of the more important contributions in this field is given in a review 
of the subject by Hill The experiments to be reported here give 

evidence of the presence of such factors influencing the incidence of a virus 
disease, yellow fever. 

The susceptibility of mice to the virus of yellow fever was demonstrated 
by Theiler (1930). Sawyer and Lloyd (1931) tested the suitability of 
mice as test animals in the study of yellow fever immunity and found 
that different strains of mice varied in susceptibility to this virus, ranging 
from 100 percent to 50 percent mortality with standard dosage of virus. 
This information was not only of practical value in the work on yellow 
fever immunity, but also indicated the operation of genetic factors in 
yellow fever resistance. On this basis the following investigation was 
undertaken. 


METHOD OF TESTING 

Since yellow fever infection occurs in mice only as an encephalitis, test 
inoculations were made by intracerebral inoculation while the mice were 
under ether anaesthesia. Susceptible mice when so inoculated with a virus 
‘^fixed for mice’^ show a typical paralysis which usually occurs on the fourth 
or fifth day after inoculation and terminates in death within one day from 
onset. Mice showing no paralysis in ten days are classed as survivors and 
are discarded. 

The virus selected had been ‘^fixed^^ by passing in mice from brain-to- 
brain for over 100 passages and had reached its maximum virulence for 
this animal. To obtain approximately equal dosages, a virus was used 
which had been preserved by drying while in the frozen state, in which 
form Sawyer, Lloyd, and Kitchen (1929) have shown its virulence to 
be retained over a period of years. The dried virus was diluted with a 
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sufi'idcMit quantity of suitable diluent to yield a final concentration in 
which approximately 50 minimum lethal doses were contained in 0.03 cc., 
w^hich amount is inoculated intracerebrally into the mice to be tested. 
However, for certain technical reasons concerned with the drying of virus, 
tubes opened at different times vary in virus content, and since the keeping 
quality of the virus is such that titrations cannot be completed before 
the virus activity is lost, the doses are not uniform. To overcome this 
difficulty the contents of several tubes are pooled for each test and to 
demonstrate viability of the virus a number of unselected Swiss mice are 
inoculated with each virus suspension used. 

MATERIAL 

The '*Swiss“ strain was chosen as a source of susceptible animals. The 
foundation stock consisted of 2 males and 7 females obtained in 1926 from 
Dr. A. de Coulon in Lausanne, Switzerland. The individuals used in these 
experiments were taken from lines, some of which were inbred brother by 
sister and others partly pen inbred. Sawyer and Lloyd (1931) had pre¬ 
viously tested mice from a branch of this stock, observing 100 percent 
mortality in each of two lots consisting of 30 and 23 mice respectively. 


Tahik 1 

Mortality percentages of mice from the A'tr/ss and Del strains. Preliminary tests 


TKHTKl) BY 

ORMT'r 

NrMHEIl 

NirMBER 

PEKCEN'T 

PERCEVT 



TESTED 

DEAD 

nfc\i> 

DIFKEREMCB 



Sawyer and 

Swiss (test 4) 

30 

30 

100 0 




Lloyd 

Swi.ss (test 5) 
Det (test M 

2^ 

54 

23 

44 

lOO.O] 

81. SJ 

\ 

^ 18.5 

10.83 

<.01 

Lynch and 

Det 

88 

58 

1 

65.91 

^ 15.6 

4.01 

.05 

Hughes 

Swiss 

138 

134 

1 

97. IJ 

31.2 

40.91 

<.01 


The strain selected as a source of resistant stock had also been tested 
by Sawyer and Lloyd. Although in their tests the lowest mortality had 
been given by the "Rockefeller Institute Stock,” certain practical consider¬ 
ations led to the choice of stock referred to by Sawyer and Lloyd as 
"Strain D” and designated by us as "Det.” Five pairs were purchased 
and they and their descendants were inbred, usually brother by sister, 
but occasionally parent by offspring. Mice from the second to the sixth 
generations were used in these tests. 

In the hands of Sawyer and Lloyd, the Det mice had a mortality of 
81.5 percent (table 1), about 18.5 percent lower than the Swiss strain; 
however, the comparison may not be accurate since the two groups were 
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inoculated with diflferent virus preparations. A preliminary test of the Det 
mice in our colony resulted in a distinctly lower figure: of 88 mice inocu¬ 
lated, 65.9 percent succumbed. Among 138 Swiss mice tested with the 
identical virus preparation, there was 97.1 percent mortality. The dif¬ 
ference is 31.2 percent and the test for the significance of the difference 
gives P as <.01. This result confirmed our choice of material since the 
divergence of the strains is sufficiently great to warrant a cross between 
them. Therefore matings were made between representatives of the Det 
and Swiss strains and the hybrids thus produced were crossed back to 
the parental strains, sometimes to the original parents. The resulting pop¬ 
ulation was divided into two lots and was inoculated with virus. Variations 
in the rate of reproduction together with exigencies of time and laboratory 
space prevented a regular scheme of distribution into two groups so par¬ 
ents and their offspring were not always inoculated together. During the 
course of the experiment some animals died of intercurrent disease before 
their reaction to yellow fever virus could be determined. Not all individ¬ 
uals of the Pi and Fi generations contributed offspring to the experiment. 

RESULTS 

The first test included samples from all the generations under observa¬ 
tion (table 2). The original strains were represented by 39 Swiss and 18 
Det mice. Upon inoculation all the Swiss mice succumbed, while the 


Table 2 

Test I. Mortality percentages of representatives of the parental strainsj F\ and backeross progeny 


OROUP 

NUMBRH 

TESTED 

NUMBER 

DEAD 

PERCENT 

DEAD 

PBUCENT 

DlPrEBENCE 


V 

Swiss 

39 

39 

100.o| 




Det 

18 

14 

77.8/ 

22.2 

9.32 

<.01 

fi (SwissXDet) 

37 

31 

83.8 




Backcross (FiX Swiss) 

146 

137 

93.81 



ni 

Backcross (FiXDet) 

99 

70 

70.7J 

Zo . 1 

. U.S 

< .Ul 


mortality rate of the Det mice was 77.8 percent. The difference between 
the strains, when measured by the x* test is significant, x* = 9.32 and P 
= < .01. Thirty-seven individuals were available for examination in the Fi 
generation obtained from the cross Swiss by Det. Of these 31, or 83.8 
percent died—a mortality not much higher than that of the Det and 
significantly different from that of the Swiss strain (x*= 6.86; P= <.01). 
In the backcross generation somewhat larger numbers are dealt with, the 
two classes comprising 146 and 99 animals respectively. The descendants 
produ^ by crossing the hybrid to the more susceptible strain showed a 
beij^tened mortality (93.8 percent) while the mice resulting from the 
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backcross to the less susceptible stock showed a decreased mortality (70.7 
percent). This difference is greater than would be expected on a basis of 
random sampling of the same population, having a value of 24.08 and 
P= <.()!. 

The second test also included representatives of the five classes (table 
vS). Only 8 Swiss mice were available but again the mortality was 100 per¬ 
cent, while 61 mice from the Det strain showed only 50.8 percent mor¬ 
tality—the lowest rate yet observed. The Fi had a mortality of 65.4 per¬ 
cent. Compared with the Swiss strain the difference in mortality is proba¬ 
bly significant (x'^-'T76; P = ,()5). The backcross progeny produced by 
mating the Fi hybrids to the more susceptible strain showed a mortality 
of 70.2 percent while in the backcross to the less susceptible strain the 
mortality was reduced to 50.0 percent. The difference between them is 20.2 
percent, about the same as in the first experiment, and is also mathe¬ 
matically significant and P=<.01). 

'Cable 

Test II Mortality percentages of representatives of the parental strains, and backcross progeny 


OROLT 

NCMRRH 

TBBIKD 

NUMBEH 

DEAD 

PURPENT 

DEAD 

PERCENT 

DIPKKRBNCB 


p 

Swiss 

8 

8 

100.o) 




Det 

61 

31 

50.8/ 

49.2 

6.96 

<.01 

Fi (SwissXHet) 

26 

17 

65.4 




Backcross (FjX Swiss) 

114 

80 

70.2] 

20.2 

8.32 

<r 01 

Backcross (Fi X Det) 

84 

42 

50.o/ 

m\Ji 


In comparing the two tests certain similarities are apparent. In both 
cases there is a significant difference between the susceptible and partially 
resistant stocks, the hybrids are more like the resistant strain and the 
backcross groups have a heightened or lowered mortality depending on 
the degree of susceptibility of the parent stock to which the backcross was 
made. On the other hand, the dissimilarities are so marked that it becomes 
doubtful whether the figures of the two tests should be combined. Each 
class in the second test has a lower mortality than its corresponding set 
in the first test, with the exception of the Swiss in which only 8 individuals 
were used in the second test. The samples of the parental Det strain gave 
significantly different mortalities in the two tests and the backcross prog¬ 
eny from the susceptible strain showed no greater mortality in the second 
test than did the backcross progeny from the resistant strain in the first 
test. Since in all probability the quantity of virus in the inoculum varied 
between tests, the lower mortality rate in the second test may reasonably 
be referred to this difference in virus content. However, a further genetic 
analysis of the data is possible. Some of the hybrid parents were back- 
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crossed in the two directions. We find that, in the first experiment 4 F| 
parents, and in the second test 6 Fi parents were mated with individuals 
from each stock. Their offspring are listed in tables 4 and 5. These tables 

TABI.E 4 

Test /. Mortality rales of the progeny of the same F\ individual backcrossed to both parental strains 


BACKCROSB PROOBNT 


IDENTIFICATION 

NUMBER OF Fi 

PARENT 

FROM PiXdBT 

FROM FiXBWIBB 

—* BlQNIFICANCE OF 

NUMBER 

DEAD 

NUMBER 

ALIVE 

NUMBER 

DEAD 

NUMBER 

ALIVE 

DIFFERENCE 

cf 

69.0 

8 

6 

14 

0 


dr 

70.0 

5 

2 

22 

1 


9 

54.1 

5 

1 

6 

0 


9 

54.3 

4 

0 

5 

0 


Total 


22 

9 

47 

1 

12.37 P-<.01 

Percent dead 

71.0 


97.9 




show in detail the degree of regularity with which these individuals pro¬ 
duced offspring with unlike mortality ratios among siblings resulting from 
contrasted matings. The totals again indicate hereditary differences. 

Table S 

Test II. Mortality rates of the progeny of the same F\ individual backcrossed 
to both parental strains 


BACKCROSB PROOBNT 


IDENTIFICATION 

NUMBER OF Fi 

PARENT 

FROMFiXDBT 

FROM FiXBWISB 


NUMBER 

DEAD 

NUMBER 

ALIVE 

NUMBER 

DEAD 

NUMBER 

ALIVE 

DIFFERENCE 

9 68.20 

0 

5 

10 

0 


9 55.40 

1 

2 

3 

0 


9 55.25 

1 

4 

7 

5 


9 61.46 

0 

11 

10 

2 


cf’lOO.OO 

6 

12 

9 

8 


cflOLOO 

I 

0 

6 

3 


Total 

9 

34 

45 

18 

X»»26.08P«< 01 

Percent dead 

20.9 


71.4 




A more exact comparison may be made between the offspring of the 
various types of mating when the susceptibility of both parents is known. 
The animals for which this information is available are grouped in table 6. 
In the first test all of the immediate progeny in any generation resulting 
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from crosses between two susceptible parents may be compared with the 
progeny resulting from matings in which only one parent was susceptible. 
There were only 9 mice available in the second class but their mortality 
was 22.2 percent as contrasted with a mortality of 91.4 percent among 
those with two susceptible parents. In the second test the figures for the 
corresponding classes are 27.6 percent and 69.6 percent, again a significant 
difference. In addition there was a third class comprised of 15 individuals 
with two resistant parents. In this group there was but one death, a mor¬ 
tality rate of 6.7 percent; however, this figure is not significantly lower 
than that given by the offspring from unlike parents. 


Table 6 

Mortality percentages among mice classified as to whether both parents were susceptible, only 
one susceptible, or both resistant 


TR8T 


PARENTAGE 


NCJMMER NUMBER PERCENT PERCENT 

DEAD ALIVE DFAD DIFFER ENCE 


P 


I 

sxs 

.SXR 

74 

2 

7 

7 


29.47 

<.01 

11 

SXS 

16 

7 

60.61 

^ 42 0 

9 10 

<.01 


SXR 

8 

21 

27.61 


RXR 

1 

14 

1 

6 7J 

[ 20.9 

2.66 

.10 


S = Susceptible. 

R =* Resistant 

By this classification also the values obtained in the two tests are not 
similar. In the first test the mortality in the population derived from 
susceptible parents was 91.4 percent while in the second test it was only 
69.6 percent. Since it has not been shown that the parental matings were 
between homozygotes, the genetic expectation for these values cannot be 
computed. However, as a whole the data seem sufficient to justify the 
conclusion that the type of parentage and the susceptibility of the off¬ 
spring are correlated. 

On the assumption that the two tests may properly be treated as self- 
contained units, an inquiry into the homogeneity of the groups of which 
they were composed was undertaken. The Lexian ratio was used to test 
the dispersion of the probabilities of death among the litters in each group, 
although the numbers dealt with in some cases were small. In the pre¬ 
liminary study of the Swiss, the sibling relationships were known for only 
96 mice but this number which contained the only four resistant animals 
of the group proved homogeneous (table 7). WhUe the Det stock ap¬ 
peared uniform in the first test, all of the mice used as progenitors were 
not tested and the larger population used in the second test was not homo- 
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geneous. The Fi hybrid generation gave different results in the two tests. 
The backcross progenies lacked uniformity but homogeneity was shown 
in the groups classified on a basis of parentage. 

Table 7 


7'ests for the type of dispersion of the probabilities of death within various groups 


TEST 

GROUP 

MUUBBR 

TESTED 

NUMBER or 

PAUILIES 

L 

X* 

p 

Preliminaty 

Det 

88 

27 

1.22 

40.27 

.04 


Swiss 

96 

35 

1.10 

42,59 

.18 

I 

Swiss 

39 

- 

— 




Det 

18 

6 

1.11 

7.39 

.19 


Fi (Swiss X Det) 

37 

7 

1 41 

13 85 

.04 


Backcross (FiX Swiss) 

146 

20 

1.71 

59.06 

<.01 


Backcross (Fi X Det) 

99 

20 

1.52 

45.94 

<.01 

II 

Swiss 

8 


__ 

— 

— 


Det 

61 

25 

1.35 

45.60 

< 01 


Fi (SwissXDet) 

26 

7 

1 12 

8.73 

.19 


Backcross (FiX Swiss) 

114 

22 

1..35 

40.27 

.01 


Backcross (Ft X Det) 

84 

22 

1 63 

58 58 

<.01 

I 

sxs 

81 

13 

0 77 

7 66 

.81 


SXK 

9 

2 

0.40 

0.32 

.59 

II 

SXS 

23 

5 

1 16 

6 84 

.15 


SXR 

29 

8 

1.01 

8.14 

.32 


RXR 

15 

3 

1.20 

4.29 

.12 


In tabic 8 the various groups are arranged according to sex. There is 
no indication that sex is a differentiating factor. The apparently greater 
susceptibility of females shown in the last backcross group where a test 


Table 8 



Comparison of mortality of the 

sexes within 

various groups 


TEST 

GROUP 

BEX 

NUMBER 

DEAD 

NUMBER 

ALIVE 

I 

Fi (SwissXDet) 


15 

4 



9 9 

17 

I 


Backcross (FiX Swiss) 

cTcf’ 

55 

3 



9 9 

82 

6 


Backcross (FiXDet) 


30 

16 



9 9 

40 

13 

TI 

Ft (SwissXDet) 

cf’d’ 

10 

6 



9 9 

7 

3 


Backcross (FiX Swiss) 

cfcf 

44 

19 



9 9 

36 

15 


Backcross (FiXDet) 


12 . 

25 



9 9 

30 

17 


for independence gives as 8.16 and P as < .01, is probably due to the fact 
that in several litters where resistance was high there were no sisters 
brought to test. 
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DISCUSSION 

In attempting to demonstrate genetic factors, it becomes necessary to 
control as far as possible any environmental conditions which may affect 
the results of the tests. The immediate surroundings in the laboratory 
were kept as constant as was possible, but many variables exist which are 
beyond control. In this experiment the occurrence of acquired immunity 
may safely be ruled out, since the mice were sent to a laboratory remote 
from the breeding room for tests. No survivors were returned. There can 
be no question as to the freedom of the tested animals from previous con¬ 
tact with yellow fever virus. 

No selection of strains was undertaken during this experiment. Rather, 
the investigation was planned to take advantage of strains from diverse 
sources in which some differentiation already had occurred. Although lack 
of known material for the various crosses precludes a final analysis, the 
existence of segregating factors for susceptibility and resistance is evident. 
I'his is clearly shown by the differential ratios given first by backcrosses 
and second by progeny from different sorts of matings, 'fhe latter criterion 
for inheritance is not of universal application. When in a genetically pure 
strain, the character in question, because of somatic fluctuation, docs not 
manifest itself with absolute regularity, progeny from a mixed parentage 
do not difftT significantly from offspring descended from like parents. If 
progeny groups are dissimilar, whether the parents do or do not present 
phenotypic differences, they must be different genetically. Consequently 
progeny are the most reliable basis for determining the constitution of 
parents. When differing groups of progeny are descended from unlike 
types of matings, as in the present case the genetic explanation is self- 
evident. 

As to the mode of inheritance, since matings between like parents, 
either both susceptible or both non-susceptible, produced two types among 
their offspring either fluctuating variations or the joint occurrence of a 
number of genes are indicated. Neither of these alternatives can be ruled 
out by our data. 

SUMMARY 

1. Mice from two sources gave different mortality rates when inoculated 
with the virus of yellow fever. This difference was maintained in three 
separate tests. 

2. When the strains were crossed, the hybrids showed a mortality less 
than that of the susceptible strain. In one test the difference was clearly 
significant; in another it was probably significant. By crossing the hybrid 
back to the susceptible strain the mortality rate was increased; by cross¬ 
ing back to a more resistant strain the rate was lowered. This relationship 
was demonstrated in two tests. 
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3. When the mice were classified according to parentage, offspring from 
two susceptible parents were more susceptible than were offspring with one 
or two resistant parents. 

4. Susceptibility did not appear to be modified by sex. 

5. It is concluded that hereditary factors for resistance to yellow fever 
encephalitis are present in mice. 
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THE PROBLEM 

T he causation of hybrid sterility has long been one of the unsolved 
problems of biology. 1 o date, probably the greatest advance in this 
field has been made by Federley who discovered a failure of the meiotic 
chromosome pairing in the sterile hybrids between moths of the genus 
Pygaera. This finding has since been amply corroborated by other investi¬ 
gators in sterile hybrids both in animals and in plants. Naturally enough 
it became tempting to suppose that the failure of the meiotic pairing is 
the cause of hybrid sterility. The restitution of the normal meiotic pairing 
as well as of fertility following the reduplication of the chromosome com¬ 
plement in allotetraploid hybrids seems to be further evidence in favor of 
this view. And yet, this view proves to be inadequate as a general explana¬ 
tion of hybrid sterility. Two difficulties deserve particular attention. First, 
some hybrids are sterile despite the fact that the meiotic pairing in their 
gametogenesis is apparently normal (Michaelis \9M in Epilobium, 
Dobziiansky P)34 in some crosses in Drosophila psetidoobscura)\ while in 
other sterile hybrids the gametogenesis does not reach the meiotic stages 
(Kerkis \ Drosophila melanogasterXD. simulans). Second, the failure 

of the meiotic pairing in sterile hybrids is usually attributed to an ‘^incom¬ 
patibility” of the chromosomes of species or races entering the cross. 
This, clearly, is a restatement of facts and not a causal explanation. It 
remains possible that suppression of meiotic pairing may be caused by 
different mechanisms in different cases, and that sometimes there is no 
cause and effect relation between the failure of pairing and the sterility. 

In my previous publications (Dobzhansky 1933, 1934) a hypothesis 
was suggested according to which there exist at least two different types 
of hybrid sterility—the chromosomal type and the genic type. The chro¬ 
mosomal type is caused by differences in the gross structure (gene align¬ 
ment) of the chromosomes of the parental forms, preventing, through 
competition in pairing, the normal conjugation of the chromosomes at 
meiosis, and causing their irregular disjunction. The genic type of sterility 
is due to interactions between complementary genetic factors contributed 
by both parents. If the genetic constitution of one of the parental forms 
is SStt, and of the other ssTT, the hybrid is SsTL The assumption is made 
that the presence of the factor (or the group of factors) 5 alone, or of the 
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factor T alone, permits unlimited fertility, but that the factors S and T 
interact in such a manner as to make sterile an organism carrying them 
simultaneously. 

Although some indirect evidence for the existence of these two steril¬ 
ity producing mechanisms is available (cf. DonzH-ANSKY 1934), the above 
hypothesis cannot yet be considered proved. To date, in no case has a 
sufficient amount of gross structural differences between chromosomes 
of related species been demonstrated, nor have the theoretically postu¬ 
lated sterility genes been isolated and localized. 'I'he experiments to be 
reported in the present article arc aimed at securing some information 
on this subject. The sterilit}' of the male hybrids between race A and race 
B of Drosophila pseudoobscura is apparently of the genic type, (Dobziian- 
SKY and Boche 1933, Dobzuansky 1933, 1934). The results of Lanck- 
FiELi) (1929) and of Kollf.r (1932) suggest that some of the differences 
producing sterility between these races are located in the X-chromo- 
some, while autosomes seem also to be involved (Dobzhansky 1933a). 
Further attempts to localize the sterility genes in the chromosomes of 
Drosophila pseudoobscura arc described below'. 

The writer wishes to acknowledge his obligations to Professors (.'. V. 
Beeks (Los Angeles), F. A. E. Crew and P. ('. Koj.lee (Edinburgh) for 
permission to use some of the mutants discovered by them in !). pseudoob¬ 
scura the descriptions of which are not yet published. Thanks are due 
also to Doctor A. H. Sturtevant for many valuable suggestions and criti¬ 
cisms. 

METHOD 

P'actors whose interaction is re.sponsiblc for the sterility of a hybrid are 
a part of the germ plasm, and hence must have a jihysical carrier in the 
gametes. The task is to find out in which of the constituents of the gametes 
these factors are localized. Races A and B of D. pseudoobscura produce in 
Fi completely sterile male hybrids, but fertile females. The latter may be 
back crossed to males of either parental race. In the offspring of the back- 
crosses various combinations of the chromosomes and of the cytoplasms 
of the ancestral forms should occur in separate individuals. Some of the 
individuals may be expected to be sterile, and others fertile. Provided the 
chromosomes are marked by appropriate mutant genes, the genetic struc¬ 
ture of a given individual may be recognized by its phenotype. Hence, it 
will be possible to determine which combinations of the ancestral elements 
are necessary to induce sterility, and which permit the individual to be 
fertile. 

In practice, two experimental procedures are possible. First, by repeat¬ 
edly backcrossing hybrid females to males of the same race, one may 
secure individuals carrying one of the elements (e. g., a chromosome or a 
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part thereof, or the cytoplasm) of one race, and all other elements from 
the other race. Second, among the male offspring of the first backcross 
generation individuals should be found representing many of the possible 
combinations of the above elements Both experimental procedures should, 
probably, be made use of before a final solution of the problem here under 
consideration may be consummated. The data reported in the present 
article are based on the results of the application of the second procedure. 
The conclusions arrived at are, however, in accord with those suggested 
by the outcome of the few experiments of Doctor A. H. Sturtevant 
and the writer involving the application of the first procedure. 

Males appearing in the progeny of the backcrosses have testes ranging 
in size from normal (i.e.,lhat found in males of cither parental race) to 
very small. Males having small testes are invariably sterile, those with. 
testes of normal or nearly normal size arc mostly fertile. It has been shown 
cytologically (Dobzhansky 1934) that the disturbances of the sper¬ 
matogenesis leading to sterility are greatest in the very small testes, and 
least in large ones. Hence, size of the testis is a fair measure of the degree 
of departure from the normal structure and functioning of the testis. 
This fact is very important for our purposes, since it permits a sort of 
quantitative expression of the results of investigation of the hybrid males. 
The smaller the testes in males of a given genetic constitution, the more 
(or the stronger) sterility factors they carry. 

TECHNIQUE 

Testis size in D, pseudoobsctira.pariiculsiTly in the hybrid males, is exceed¬ 
ingly .sensitive to environmental factors. Although our conclusions arc to 
be based on a comparison of testis size in different classes of males devel¬ 
oped in the same culture bottles, and hence under identical environment, 
care was taken to insure homogeneous culture conditions in all experi¬ 
ments. Three to four Fi hybrid females were placed in the same bottle 
with five to six males. Parents were kept in vials with food for four days, 
transferred (without etherization) to standard culture bottles, placed in 
incubator at 24.5° C., and allowed to oviposit for about four days, trans¬ 
ferred to fresh culture bottles, and again left there for a similar length of 
time. 

When the progeny of the backcross started to emerge, flies were classi¬ 
fied according to the marking genes they carried, and males were dissected 
in physiological salt solution. Testes were isolated, and their length mea¬ 
sured with the aid of an eyepiece micrometer (1 unit = 17.4/4). The tech¬ 
nique of the measurements has been described by Dobzhansky and Boche 
(1933). The testis of />. pseudoobscura is ellipsoidal in shape; its greater 
diameter shows a correlation with its shorter diameter, so that either of 
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these measurements gives a fair idea of the size of the whole organ. How¬ 
ever, in the adult males the shape of the testis changes somewhat with age, 
becoming relatively longer and more slender. To avoid this source of error, 
cultures were examined every second day, and males that had hatched in 
the meanwhile were dissected and measured immediately. Only males that 
emerged during the first 6 to 8 days of hatching in a given culture bottle 
were used. 

The statistical data obtained are far too voluminous to be published in 
detail under the present conditions; they are, of cour.se, preserved, and 
open to all interested. The statistical constants were calculated only for 
classes in which ten or more individuals were measured. 

PRELIMINARY EXPERIMENTS 

Theoretically, sterility factors might be located in any of the constitu¬ 
ents of the gametes. A few simple experiments of exploratory nature 
were undertaken to narrow the range of possibilities by excluding some 
of them as inadequate to explain the situation. 

If Fi hybrid females from the cross A9 XBcf are used for making 
backcrosses, the resulting progeny has race A cytoplasm. By crossing 
such females to race B males, some of the males appearing in the next 
generation should have all race B chromosomes in race A cytoplasm. If 
the sterility depends upon an interaction of the chromosomes of one race 
with the cytoplasm of the other, such males should be sterile. Actually in 
a number of tests they were found to be fertile. Similarly, males having 
race A chromosomes in race B cytoplasm proved fertile. This shows that at 
least the most important sterility factors are not located in the cytoplasm. 

To exclude the influence of the Y chromosomes is more difficult. The 
males devoid of the Y chromosome (XO males) in pure races are sterile, 
but the structure of their testes shows no similarity whatever with that 
of the sterile hybrid males (Dobzansky 1933). This is in agreement 
with the results of Shen (1932) who found that the sterility of XO males in 
D. melanogaster is caused by disturbances in the vesiculae seminales rather 
than in the testes. Some hybrid males in the backcrosses of hybrid females 
to race A males are likewise XO. These are, of course, always sterile, but 
the size, as well as the internal structure of their testes, is variable, just as 
in their XY sibs. This variability can be due only to the chromosomes 
other than the Y carried by a given male (Dobzhansky 1933). This makes 
the assumption of factors responsible for hybrid sterility in the Y chromo¬ 
some unnecessary. 

Lancefield (1929) and Koller (1932) found that males carrying an 
X chromosome of one race and a majority of the autosomes of the other 
race have small testes and are sterile. Furthermore, by studying crossovers 
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in the X chromosome they found that both ends (or, rather, both limbs) 
of the X chromosome are concerned with the sterility, while the middle 
part is apparently not involved. Thus the location of some of the sterility 
factors was established. 

Sturtevant and the writer attempted to “transfer” mutant genes 
known in one race into the other race. For this purpose females carrying 
a given gene, for instance of race A, are repeatedly backcrossed to males 
of race B, until individuals are obtained possessing all chromosomes of 
race B except for a more or less short section containing the genes in ques¬ 
tion. These experiments showed that some of the mutant genes can be 
thus transferred from race to race, and males carrying these “foreign” 
genes become fertile after from one to several generations of backcrosses. 
To this class belong the genes Pointed and short (in the X chromosome 
of race A), Smoky (second chromosome of race B), Curly (fourth chromo¬ 
some of B). It follows that sections of chromosomes including these genes 
contain either no factors concerned with sterility, or else these factors are 
not by themselves sufficient to produce sterility (although they may, per¬ 
haps, do so in combinations with other genes). On the other hand, the 
attempts to transfer the genes Bare (A) and cinnabar (B) (second chromo¬ 
some) from one race to another have so far given negative results despite 
the numerous backcrosses. Similarly, Pointed proved to be closely linked 
with a sterility-producing section of the X chromosome, but it'can be 
separated from this section by crossing over. Thus, sterility-producing 
genes were found in both the X chromosome and in an autosome (the 
second chromosome). The data presented below corroborate this conclu¬ 
sion. 

Backcross to race A 

Race A females carrying the sex-linked recessives beaded (id), yellow 
(y), and short (5), the second chromosome dominant Bare {Ba), and the 
third chromosome recessive purple {pr) w^re crossed to race B males carry¬ 
ing the third chromosome recessive orange {or) and the fourth chromo¬ 
some dominant Curly (Cy). Fi hybrid females heterozygous for these genes 
were selected and backcrossed to race A males homozygous for or and pr. 
The males coming from this backcross 'were classified for all of the above 
genes. 

According to the setting of the experiment, every one of the chromo¬ 
somes of the Fi females (with the exception of the small fifth chromosome 
in which no genes are available) is marked by one or more genes, which 
should make the different classes of the backcross males distinguishable 
from each other phenotypically. Unfortunately, the control of all the 
chromosomes which is thus attained is far from complete, due to crossing 
over which takes place in the hybrid females. The X chromosome is 
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marked by three genes, the third by two, and the second and fourth by 
only one each. The scarcity of marking genes is mitigated by the fact that 
the X, second, and third chromosomes of race A differ from the corre¬ 
sponding B chromosomes by inverted sections (Tan 1935 a, b) which sup¬ 
press a part of the normal crossing over. Nevertheless, some crossovers 
undoubtedly escape detection. 

Table 1 


(hd y s 

Length of the testis (in n) in the offspring of the cross: 

Ba pr Race A9 Xor Cy Race Be?*) F\9 Xor pr Race A cT. 


PHENOTYPE 

Mf in 

n 

PHENOTYPE 

M f- oj 

n 

1 hd y s Ba pr 

66S 2 

9 

33 hd y Ba pr 

348 0 

1 

2 hd y s Ba pr Cy 

563.8 

8 

34 bd y Ba Py Cy 

342.8 

3 

vS hd y s Ba or 

5S5.9±14 9 

23 

35 hd y Ba or 

478.5 

6 

4 hd y s pr 

632 8±11.0 

30 

36 hd y pr 

504.6 

4 

5 hd y s Ba or Cy 

509.6+17.6 

19 

37 hd y Ba or Cy 

407.2 

9 

6 hd y s pr Cy 

602.7± 3.4 

23 

38 hd y pr Cy 

435 0 

3 

7 hd y s or 

551 2± 6.1 

119 

39 bd y or 

462.8 

8 

8 hd y s or Cy 

526.5+ 8 9 

66 

40 hd y or C\ 

418.1 +24 4 

17 

9 or Cy 

123 9+ 2.8 

336 

41 s or Cy 

290.2118.1 

22 

10 or 

113 1+ 3.2 

353 

42 s or 

310 9+18 6 

27 

11 pr Cy 

94 0+ 3 6 

152 

43 5 pr Cy 

231.4 

4 

12 Ba or Cy 

66.6± 4.7 

69 

44 5 Ba or (’v 

191 4 

1 

13 pr 

68.4t 3.7 

159 

45 5 pr 

187.9 

5 

14 Ba or 

60.2± 4.6 

71 

46 ^ Ba (nr 

34.8 

1 

15 Ba pr Cy 

51.7± 5.9 

38 

47 s Ba pr Cy 



16 Ba pr 

23 8± 7 3 

23 

4H 5 Ba pr 



17 hd y s Ba 

640.3 

5 

49 hd y Ba 

461.1 

2 

18 hd y s Ba or pr 

664 7 

4 

50 bd y Ba or pr 



19 hd y s Ba Cy 

553.3 

5 

51 bd y Ba Cy 



20 hd y s Ba or pr Cy 



52 hd y Ba or pr Cy 



21 bd y s 

597.2+10.4 

22 

53 hd y 

574.2 

1 

22 bd y s or pr 

617.7 + 18.4 

to 

54 hd y or pr 

614.2 

3 

23 bd y s Cy 

559.8+15 6 

24 

55 hd y Cy 

461.1 

2 

24 bd y a or pr Cy 

494 2 

6 

56 hd y or pr Cy 

626.4 

1 

25 Cy 

122 8+ 4,8 

82 

57 5 Cy 

274.9 

4 

26 or pr Cy 

94.1 + 10.3 

35 

58 s or pr Cy 

487.2 

1 

27 wild-type 

110.7+ 5.9 

86 

59 5 

261.0 

6 

28 or pr 

69 8 ± 6.7 

33 

60 5 or pr 

104.4 

1 

29 Ba Cy 

43.5+ 7.3 

19 

61 s Ba Cy 



30 Ba or pr Cy 

34.8 

5 

62 s Ba or pr Cy 



31 Ba 

17 1+ 4.6 

21 

63 s Ba 

87.0 

2 

32 Ba or pr 

47 0 

3 

64 bd or 

574.2 

1 


In spite of the above difficulty, it is believed that the control of the 
chromosomes, incomplete as it is, is on the whole adequate for our purpose, 
namely testing for the presence or absence of the sterility genes in each 
of the chromosomes covered by the investigation. The basis of our judge¬ 
ment is the mean testis size in the males of a given class showing a given 
combination of the marking genes. Although some of the chromosomes are 
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marked by a single gene only, all the males carrying this gene will carry 
at least a part of the chromosome of the race indicated by this gene, and 
the majority will carry probably the entire chromosome. In any event, 


LENGTH OF THE TESTIS IN MICRA 



Figure 1 . The chromosome constitution and the length of the testis in males appearing in 
the backcross of the Fi hybrid females to race A males. Race A chromosomes—white; race B 
chromosomes—"black. Only the non-crossover classes are represented. 


males of every class have a greater chance to have the chromosomal con¬ 
stitution indicated by the marking genes they carrj’ than any other consti¬ 
tution. In other words, since the conclusions are to be based on averages 
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and not on individual variants, the disturbing influence of the undetected 
crossovers will manifest itself in a great variability and not in a distortion 
of the relationships of different classes. These remarks apply to all the 
experiments described in this article. 

Every individual resulting from a backcross to race A male necessarily 
has one whole complement of autosomes from race A. All males have also 
a Y chromosome from race A. However, some of them have a race A X 
chromosome, and others a race B X chromosome. They inherit from their 
mothers one or more autosomes of race A, or of race B. Not counting 
crossovers, and disregarding the fifth chromosome, the backcross males 
should fall into sixteen classes (classes 1-16 in table 1, figure 1). 

Males receiving race A X chromosomes (classes 1-8, 17-24) have dis¬ 
tinctly larger testes than those receiving race B X^s (classes 9-16, 25-32). 
It follows that the X chromosome carries genes concerned with the steril¬ 
ity. Next, one may notice that different classes of males carrying the same 
X chromosome vary greatly as to testis size. Classes possessing the B race 
X chromosome may be taken up first. Among them the largest testes are 
observed in individuals having one full set of race B autosomes (class 9, 
also 25 and 26). Making such males homozygous for the race A fourth 
chromosome decreases testis size (compare classes 9 and 10, 25 and 27, 
26 and 28). The differences are not in all cases statistically significant, 
but they are always in the same direction. Homozygosis for race A third 
chromosome also decreases testis size, the effect of the third chromosome 
being stronger than that of the fourth (compare classes 9 and 11). The 
race A second chromosome produces a still stronger effect in the same 
direction (compare 9 and 12, 25 and 29, 26 and 30). The third and the 
fourth chromosomes of race A being homozygous simultaneously produce 
as much effect as the second alone (12 and 13). Homozygosis for second 
and fourth, and second and third depresses testis size still further (14 and 
15). Finally, males possessing only a race A autosomes have the smallest 
testes (class 16). The conclusion is warranted that in males carrying race 
B X chromosome the testes are larger the more B autosomes they carry 
(although, as stated above, all these males carry one full set of A auto¬ 
somes). 

The mean values for testis size in males having race A X chromosome 
are based on a smaller number of flies than those discussed above. Never¬ 
theless, it is quite clear that in these males the relations are reversed, 
namely the testes are the larger the more race A autosomes they carry. 
The largest testes are observed in males carrying all or most of race A 
autosomes (classes 1, 17, 18), and the smallest in males having a full set 
of B autosomes (8, 23, 24). Hence, a general rule may be formulated thus: 
in the backcross males the testes are larger the more the autosomes agree 
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in their racial origin with the X chromosome, and vice versa. The second, 
third, and fourth chromosomes arc all concerned, but to a different extent: 
the second chromosome exerts the strongest effect, the third is next, and 
the fourth last. 

Since two of the chromosomes in this experiment contain more than one 
marking gene each, some crossovers are detected. This makes it possible 
to determine (a) whether these chromosomes contain more than one locus 
concerned with testis size, and (b) if this be the case, which part of a 
given chromosome exerts a stronger effect. 

I'hree genes, hd, y and s, are present in the X chromosome. Crossing 
over between bd and y has been observed in our hybrids only once (class 
64), although about 30 percent of crossing over takes place between these 
genes in pure race A (this is due to the inversions in the left limb of the 
X suppressing crossing over. Tan 1935). On the other hand, crossing over 
between y and i is fairly frequent (though less frequent than in pure race 
A, where these loci are practically independent). Classes carrying the 
whole X chromosome of race A (bd y s, classes 1-8, 17-24) may be com¬ 
pared with those having the right limb, or a part thereof, of race B (bd y, 
classes 33-40, 49"56). If this comparison is made so that classes differing 
only in the substitution of the right limb of the X are considered (classes 
1 and 33, 2 and 34, 17 and 49, 24 and 55, etc.), the conclusion is that such 
a substitution decreases testis size. This is observed in twelve out of thir¬ 
teen such comparisons. On the other hand, classes carrying the whole X 
chromosome of race B (non-W, non-y, non-5) may be compared with those 
having the right limb of the X of race A (classes showing s, compare 9 
and 41, 10 and 42, 25 and 57 etc.). The comparison shows that in this 
case the substitution of the right limb invariably results in a marked 
increase of the testis size. I'he conclusion follows that the right limb, as 
well as the left limb, of the X chromosome carry genes concerned with 
sterility. 

In order to compare the relative efficacy of the two limbs of the X 
chromosome, classes carrying the left limb of race A and the right limb 
of race B must be compared with those having the left limb of B and the 
right limb of race A. The classes to be compared should, of course, have 
identical autosomes (compare 35 and 46, 36 and 45, 37 and 44, 38 and 43, 
39 and 42, 40 and 41). It can be seen that classes having the left limb of 
race A have larger testes, and hence the left limb is more important than 
the right. 

An analysis of the third chromosome, which in this experiment is 
marked by two genes, or and pr, can be carried through along lines similar 
to those for the X chromosome (compare classes 1-8 with 17-24, 9-16 
with 25-32, and then 17 with 18, 21 with 22, 25 with 26 etc.). Since the 
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effect of the third chromosome as a whole on testis size is much weaker 
than that of the X chromosome, the analysis of the effect of the former 
is more difficult. Nevertheless, the majority of the figures indicate that 
(a) both the part of the third chromosome carrying or and that carrying 
pr are concerned with testis size, and (b) that the part containing pr 
exerts a greater effect than that containing or. 

Table 2 


Length of the testis {in fx) in the offspring of the cross: 
{hd ysBa Race A^XorCy Race 9 Xor Race BcT 


CLABti NO. 

PHENOTTI'E 

M± in 

a 

LIMITH 

n 

1 

or Cy 

475.4+ 4.3 

«).7 

244-661 

200 

2 

or 

468.8± 4.3 

60.0 

244-<661 

200 

3 

Cy 

565.3+ 3.9 

55.2 

313-748 

200 

4 

Bd or Cy 

375.0± 4.5 

57.1 

174-557 

158 

5 

wild type 

561.5+ 4.1 

59.0 

296-730 

204 

6 

Ba or 

336.5+ 4.7 

60.9 

157-609 

168 

7 

Ba Cy 

393.81 5.7 

07.0 

191-644 

138 

8 

Ba 

372.2+ 4.7 

56.7 

157-574 

144 

9 

bd y s Ba 

428.61 9.2 

61.6 

278 592 

45 

10 

hd y s Ba Cy 

325.6111.7 

61.8 

139-470 

28 

11 

hd y s Ba or 

278.4 ± 8.9 

53.2 

139-435 

36 

12 

bd y s 

156.8+ 5.9 

55.0 

70-313 

86 

13 

hd y s Ba or Cy 

211.41 5.9 

39.8 

70-365 

46 

14 

hd y 5 Cy 

123.01 3.7 

39.0 

35 244 

111 

15 

bd y s or 

109.81 3.6 

37.8 

35-261 

108 

16 

hd y s or Cy 

81.41 3 6 

35.7 

0 157 

98 

17 

s or Cy 

284.5+ 7.9 

55.9 

139-505 

52 

18 

s or 

300.01 6.9 

58.8 

122-4S7 

73 

19 

s Cy 

458.0110.4 

60.0 

296 644 

33 

20 

s Ba or Cy 

257.9115.5 

67.7 

104 418 

19 

21 

s 

468.81 8.5 

59.9 

31.V 661 

50 

22 

s Ba or 

330.9113.8 

66.5 

122 487 

23 

23 

s Ba Cy 

324.0+14.0 

56.0 

m 

16 

24 

sBa 

426.3114.9 

64.9 

278-574 

19 

25 

hd y Ba 

488.4114,3 

53.2 

383-644 

14 

26 

hd y Ba Cy 

453.1122,1 

79,7 

244 626 

13 

27 

hd y Ba or 

313.2 


313 

2 

28 

hd y 

258.6113.5 

63.5 

122-435 

22 

29 

bd y Ba or Cy 

20S.8 


139-365 

8 

30 

hd y Cy 

198.5 + 11.3 

37.4 

157-313 

11 

31 

hd y or 

115.4+12.6 

48.7 

52-313 

15 

32 

hd y or Cy 

119.2 


7(4-278 

8 


Backcrosses to race B 

Race A females carrying the genes beaded, yellow, short, Bare and pur¬ 
ple {bd y s Ba pr) were crossed to race B males carrying orange and Curly 
{or Cy). In the Fi generation females heterozygous for all these genes 
were selected, and backcrossed to race B males homozygous for orange. 
The experiment is, then, analogous to that described above, with the ex¬ 
ception that since the male to which the hybrid females are backcrossed 
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belongs to race B, all the offspring appearing in the next generation will 
necessarily carry one complete set of B race (instead of A race as in the 
preceding experiment) autosomes, and some of them may carry B race 
chromosomes exclusively. Moreover, the gene purple does not manifest 


CHROMOSOMES 


LENGTH OF THE TESTIS IN MICRA 



Ficcrk 2. The chromosome constitution and the length of the testis in males appearing in 
the backcross of the Fi hybrid females to race B males. Race A chromosomes— white; race B 
chromosomes—black. Only the non-crossover classes are represented. (The bar for class 9 should 
extend to 428.6; see table 2.) 


itself in the offspring of the backcross, since the father of the backcross 
is homozygous for the wild type allelomorph of this gene. 

The measurements of testis size in the males obtained from this back- 
cross are summarized in table 2 and figure 2. Among the classes in which 
no crossovers are detected (classes 1-16), the first eight (1-8) carry the 
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X chromosome of race B, and, with one exception, have distinctly larger 
testes than the classes (9-16) carrying the X chromosome of race A. Thus, 
with a majority of the autosomes coming from race B, a race B X chromo¬ 
some is required if large testes are to be formed—a result completely 
analogous, but reverse in sign, to that arrived at above by studying the 
backcross to race A males. 

Among the males carrying the same X chromosome, the size of the 
testes depends upon the autosomes. Males receiving an X chromosome of 
race A (classes 9-16) have the largest testes if they carry one complete 
set of race A and one set of race B autosomes (class 9). If such males 
are made homozygous for race B fourth chromosome, the testis size is de¬ 
creased (compare 9 and 10, 11 and 13, 12 and 14, 15 and 16). A similar, 
but stronger, effect is produced by homozygosis for the third chromosome 
of race B (compare 9 and 11,10 and 13, 12 and 15, 14 and 16), and, finally, 
the second chromosome exerts the strongest effect (classes 9 and 12, 10 
and 14, 11 and 15, 13 and 16). The conclusion is warranted that males 
having the race A X chromosome have the larger testes the more race A 
autosomes they carry. 

By analogy with the conclusion just stated, as well as with the conclu¬ 
sion arrived at from the study of the backcross to race A, one might 
expect that in the present experiment males carrying race B X chromo¬ 
some should have the larger testes the more race B autosomes they carry. 
Indeed, this is partly, but only partly, true. Among such males, those 
that are homozygous for race B fourth chromosome have larger testes 
than those carrying one race A fourth chromosome (compare classes 1 
and 2, 3 and 5, 4 and 6, 7 and 8), and those homozygous for race B second 
chromosome have larger testes than those carrying one race A second 
chromosome (compare 1 and 4, 2 and 6, 3 and 7, 5 and 8). Turning to the 
third chromosome, one is at once struck by the fact that it shows a rela¬ 
tionship that is the reverse of the expected one: males homozygous for the 
race B third chromosome have smaller testes than those possessing one 
third chromosome of race A (compare 1 and 3,2 and 5,4 and 7, 6 and 8). 
This inconsistency is to be discussed below. 

Crossing over between y and r in the X chromosome produces males 
carrying an X the right limb of which (or a part thereof) comes from one 
race, and the left limb from the other race. One may observe that males 
having the right limb of the X chromosome from race A, and the lelt 
from race B (showing the effects of the gene s, but not of bd or y, in their 
phenotype), have mostly smaller testes than those carrying an intact X 
chromosome of race B (compare classes 17-24 with 1-8). Conversely, 
males carrying the right limb of the X from race B and the left from race 
A (showing bd and y, but not s), have larger testes than males with 
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complete race A X chromosome (compare 25-32 with 9-16). Finally, with 
the autosomes held constant, males having the right limb of the X from 
race A and the left limb from race B have mostly larger testes than males 
carrying the right limb of the X from B and the left from A (compare 
classes 17 and 32, 18 and 31,19 and 30, etc.). It follows from this that (a) 
both limbs of the X chromosome carry sterility genes, and that (b) the 
sterility genes in the left limb are either more numerous or more effective 
than those in the right limb. Both conclusions are indentical with those 
reached from the study of the backcross to race A. 

Returning again to the unexpected behavior of the third chromosome 
in males carrying the X chromosome of race B (see above), one might 
notice that in the experiment under consideration the cross was so ar¬ 
ranged that all the hybrids originated from race A females {bd y s Ba pr)y 
and, consequently, have race A cytoplasm. This fact may arouse the sus¬ 
picion that homozygosis for the race B third chromosome is incongruent 
with race A cytoplasm, in such a way that in males carrying race A cyto¬ 
plasm and all or a majority of race B chromosomes, the presence of one 
race A third chromosome may increase, instead of decrease, the testis size. 
Jf this were tru(‘, we would have the first indication that the cytoplasms 
of races A and B are specifically distinct and may be concerned with the 
production of the sterility of the hybrids. The possibility just stated can 
be subjected to a rigorous experimental test: a cross must be arranged 
which should produce offspring completely comparable with those from 
the cross just discussed in the chromosomal constitution, but which should 
have throughout the cytoplasm of race B, instead of that of race A. This 
requirement is fulfilled in the following experiment. 

Race B females carrying or and Cy were crossed to bd y s Ba pr males 
of race A. Fi females heterozygous for all these genes were backcrossed to 
race B males homozygous for or. All the strains used in this cross were 
the same as those used in the preceding experiments. The results are sum¬ 
marized in table 3. They should be compared to those presented in table 

2. In these tables, the classes showing identical phenotypes have similar 
chromosomal constitutions, but differ in that the data of table 2 pertain 
to flies having race A cytoplasm, and those of table 3 to flies having race 
B cytoplasm. It is easily noticeable that the corresponding classes of males 
shown in table 2 have consistently larger testes than those shown in table 

3. However, this fact is probably of no particular significance, since the 
experiments on which tables 2 and 3 are based were done at different 
times, and, due to the extreme sensitivity of the testis size to environmen¬ 
tal conditions, no two separate experiments are likely to agree as far as 
the absolute size of the testes of hybrid males is concerned. Far more con¬ 
sequential is the relative testis size in males of different classes in each 
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Table 3 

J engih of the testis (in m) in the offspring of the cross: 
(or C y JRoce E $ y.bd y s Ba Race A d')Fi 9 Xof Race B 


J A.SS NO. 

PHENOTYPE 

Mini 

a 

LIMITS 

I) 

1 

or (Sy 

401.64 7.2 

72.9 

226-609 

103 

2 

or 

404.9± 6.5 

68.0 

261 557 

109 

3 

Cy 

541.7± 7.4 

80.6 

313-731 

118 

4 

Ba or Cy 

298 6 + 6.4 

77.6 

122-470 

146 

5 

wild type 

518.0± 6 6 

71 9 

348-679 

120 

6 

Ba or 

296.5± 6.3 

72.4 

139-487 

133 

7 

Ba Cy 

342.6 ± 7.7 

82.7 

157-522 

114 

8 

Ba 

3.S9.1± 8.3 

89.6 

191 557 

116 

9 

h(i y ^ Ba 

283.4 4 10.3 

63.2 

174 452 

38 

10 

hd y s Ba Cy 

273.9± 9.6 

()4 6 

174-400 

45 

11 

hd y i> Ba or 

251.8± 7.8 

62.1 

139-383 

63 

12 

hd y s 

108 4± 3.2 

41.9 

35 261 

171 

13 

hd y s Ba or Cy 

194.54 7.3 

61.9 

70 331 

71 

14 

hy y s Cy 

79.94 2.5 

31.5 

35-157 

164 

15 

hd y A or 

57.84 2.6 

31.5 

17-1.S9 

149 

16 

hd y i or Cy 

41.64 2.5 

32.7 

0 139 

177 

17 

s or (y 

213.71 9.9 

66.5 

70 34H 

45 

18 

5 or 

206.44 8.6 

57 8 

104 348 

45 

19 

s Cy 

330 Ml().7 

66 1 

191 505 

38 

20 

s Ba or Cy 

179.7114.6 

70.1 

104 4(K> 

23 

21 

s 

2<X).l4n.8 

67 7 

174 417 

35 

22 

s Ba or 

195.41: 8.8 

47 9 

104 331 

30 

23 

s Ba Cy 

313.2 


261 41S 

7 

24 

s Ba 

252 3114.7 

62.1 

174 417 

18 

25 

hd y Ba 

4(>4.1436 7 

127.4 

278 679 

12 

26 

hd y Ba Cy 

461.1122 5 

74.1 

278 -557 

11 

27 

hd y Ba or 

438.0118,4 

71.5 

31.^557 

15 

28 

hdy 

241.34 10.4 

67.9 

122-418 

43 

29 

hd y Ba or Cy 

402.6413.3 

44.0 

m 4 7 

11 

30 

hd y Cy 

194.91 8.9 

56 4 

87 365 

40 

31 

hd y or 

140,44 7.7 

49.9 

52 261 

42 

32 

bd y or Cy 

122 04 6 5 

40 7 

70 244 

39 

33 

y s 

643 8 


626 ^>61 

2 

34 

bd 

87.0 


87 

1 

35 

hdCy 

417.6 


417.6 

1 

36 

y s or Cy 

556.8 


556.8 

1 


experiment. Approaching the data from the standpoint of this criterion, 
one is forced to the conclusion that the data of tables 2 and 3 are identical 
in all essentials, h’or our purposes, the most important fact is that in males 
having race B cytoplasm and race B X chromosome, homozygosis for the 
race B third chromosome produces a decrease, instead of an increase, of 
the testis size. Hence, the anomalous behavior of the third chromosome 
in these crosses cannot be due to an interaction between this chromosome 
and the cytoplasm. No indication of the existence of an inherent difference 
between the cytoplasms of the two races is apparent. 
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Obviously, an explanation of the anomalous effect of the third chromo¬ 
some in the crosses under consideration is to be looked for elsewhere. Two 
such explanations may be suggested. First, one may suppose that it is a 
specific property of the third chromosome of race A to increase the testis 
size in males having a majority of the chromosomes of race B. In this 
case, a male of hybrid ancestry having one race A third chromosome and 
the rest of the chromosomes of race B would always have larger testes 
than pure race B males. Second, the above behavior of the third chromo¬ 
some may be due to a maternal effect, being manifested only in flics 
coming from the eggs of a hybrid mother. This amounts to assuming that 
the presence of the hybrid karyotype in the egg cell, before it has under¬ 
gone the processes of maturation and fertilization, leaves an impression 
on this cell that lasts for at least one generation. 

'J'he two alternative explanations just suggested are obviously ad hoc 
hypotheses, and should be considered objectionable on this ground, were 
it not for the fact that they may be tested experimentally. Males of class 
3 (table 3) have all the chromosomes of race B except a single race A 
third chromosome, d heir race B third chromosome carries the marking 
gene or. Having large testes, these males are fertile, and can be crossed 
to pure B females homozygous for or. In the offspring of this cross two 
classes of males must appear. One of them, phenotypically orange, will 
have only race B chromosomes, and will be genotypically identical with 
males of classes 1 and 2 in table 3. The other class will be wild type in 
phenotype, and will be genotypically identical with class 3 in table 3, that 
is, will carry one race A third chromosome. Now, if the third chromosome 
of race A has per se the property of increasing testis size in males that are 
otherwise race B in constitution, the wild type males in this experiment 
should have larger testes than the orange males. Thus, the relationships 
observed in the first backcross generation (tables 2 and 3) should be re¬ 
peated in the next generation. If, on the other hand, the phenomenon 
under consideration is due to a maternal effect, the testes of the wild type 
and the orange males should be either equal in size, or else the orange 
males should have larger testes than the wild type ones. 

The experiment has been arranged as just outlined, and the testes in 
the resulting males were measured. Their size (in /x) was: 

orange 607.6±8 6 

wild type 578.6 ±7.4 

The difference between these figures is not statistically significant, but 
the orange males have testes either equal to or larger than the wild type 
ones. The maternal effect hypothesis is correct. Maternal effects have 
been observed in Drosophila pseudoobscura crosses more than once (Dob- 
ZHAKSKY 1935, Dobzhansky and Stortevant 1935). 
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STERILITY GENES IN THE SECOND CHROMOSOME 

The experiments reported above show that genes responsible for the 
sterility of the interracial hybrids are located in the X, second, third, and 
fourth chromosomes—all chromosomes except the fifth, which has not 
been followed in the crosses. Furthermore, it has been shown that in the 
X and also in the third chromosome more than one sterility gene is present, 
located in different parts of the respective chromosomes. The question 
whether the second chromosome has one or more sterility genes could not 
be answered, since this chromosome carried a single gene marker, namely 
Bare. In the experiment now to be discussed this drawback is removed 
by introducing two marking genes in the second chromosome. 

It may also be noticed that in the former experiments a majority of the 
marking genes were introduced through the race A parent, causing the 
classes of the offspring having mainly A race chromosomes to appear in 
relatively low frequencies. In the following experiment mainly race B 
markers are used. 

Race B females carrying the sexdinkcd recessives scutelar (sc) and 
dela and the second chromosome recessive cinnabar (cn) and dom¬ 
inant Smoky (5w), were crossed to race A males carrying the fourth 
chromosome dominant Curly (Cy). The Fi females heterozygous for these 
genes were backcrossed to race B cinnabar males. The results are summa¬ 
rized in table 4. The gene Curly involved in this cross was originally ob¬ 
tained as a mutant in race B, and ‘‘transferred” into race A by means of 
repeated backcrosses of Curly flies to race A males (sec above). Thus, the 
race A fourth chromosome marked by Cy in this experiment is really a 
composite chromosome, containing, presumably, most of the material 
from race A, and a more or less small section including the locus of the 
gene Cy from race B. 

To start with, one may notice that the data of table 4 corroborate the 
general conclusions regarding the action of the sterility genes previously 
discussed. Since males recorded in table 4 have at least one full set of race 
B autosomes, the classes carrying an intact race B X chromosome (1-4, 
17-20) have larger testes than those carrying an intact X of race A (5-8, 
21-24). Among males carrying the same X chromosome, largest testes are 
present in those that have most autosomes of the same race as the X chro¬ 
mosome (class 1—all chromosomes of race B, class 5—race A X chromo¬ 
some and one set of A autosomes), and smallest testes in males having an 
X of one race and the autosomes of the other (class 4 with X of race B 
and one set of race A autosomes, class 8 with X of race A and race B 
autosomes). The fourth chromosome marked by Cy behaves as a race A 
chromosome in spite of the fact that it carries a section coming from race 
B. Crossing over in the X chromosome leads to the results expected on 
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the basis of the previously reported experiments: males having the left 
part of the X from race B (carrying sc) have larger testes than males hav¬ 
ing the right part of the X from race B but otherwise similar (males show¬ 
ing se but not sc). 

Table 4 


Length of the testis (in m) in the offspring of the cross: 
(sc se cn Sm Race B9 XCy Race A )R\ 9 Xcn Race B cf. 


CLASa NO. 

PIIENOTVPK 

M± m 

a 

LIMITS 

n 

1 

SC se cn Sm 

563.6± 6.7 

56.6 

418-679 

103 

2 

sc se cn Sm Cy 

523.2 + 10.3 

76.9 

400-714 

72 

3 

sc se 

449.6+10.6 

84.4 

278-626 

61 

4 

sc se Cy 

420.7± 9.3 

70.1 

261-592 

56 

5 

Cy 

319.5± 7.2 

76.2 

122-522 

114 

6 

wild type 

282.6± 6.1 

67.0 

122-435 

122 

7 

cn Sm Cy 

97.1+ 4.0 

36.9 

35-174 

85 

8 

cn Sm 

90.7± 4.4 

40.9 

17-209 

87 

9 

sc cn Sm 

455.9110.0 

58.3 

365-592 

34 

10 

sc cn Sm Cy 

416.6±12.5 

70.5 

226-592 

32 

11 

sc 

426.0110.0 

74.1 

261-592 

55 

12 

sc Cy 

435.4+ 8.8 

68.2 

296-592 

60 

13 

se Cy 

433.3 ±10.4 

66.1 

278-557 

40 

14 

se 

420.0111.7 

78.0 

278-592 

45 

15 

se cn Sm Cy 

120.61 9.7 

51.7 

52-244 

28 

16 

se cn Sm 

86.01 5.7 

32.2 

0-174 

32 

17 

sc se cn 

578.61 9.2 

63.3 

452-661 

48 

18 

sc se Sm 

371.01 9.7 

60.9 

209-487 

39 

19 

sc se cn Cy 

554.0112.6 

78.7 

388-696 

39 

20 

sc se Sm Cy 

364.2110 5 

55.7 

226-452 

28 

21 

Sm 

241.21 9.9 

74.1 

87-452 

56 

22 

cn 

99,01 4.5 

33.1 

52-243 

54 

23 

Sm Cy 

248.8 1 9.0 

69.4 

104-418 

60 

24 

cn Cy 

121.31 7.5 

46.1 

0-226 

28 

25 

sc cn 

492.9111.2 

66.1 

348-626 

35 

26 

sc Sm 

407.5111.8 

60.4 

313-557 

26 

27 

sc cn Cy 

500.6118.6 

86.8 

261-^ 

22 

28 

sc Sm Cy 

396.5111.9 

63.2 

296-505 

28 

29 

se cn 

102.31 7.8 

39.8 

52-191 

26 

30 

se Sm 

401.4112.8 

61.6 

226-487 

23 

31 

se cn Cy 

116,81 8.8 

43.0 

70-261 

28 

32 

se Sm Cy 

463.9118.3 

79.3 

296-626 

19 


The detected crossing over in the second chromosome gives rise to males 
showing Stn but not cn, and cn but not Sm (classes 17-32). Males carrying 
the X and the second chromosomes of race A (classes 5 and 6) have larger 
testes than the corresponding classes of males in which a part of the second 
chromosome of race B is present (classes 21—24), but the latter have larger 
testes than males carrying the X of race A and the whole second chromo¬ 
some of race B (classes 7-8). Males possessing the X and the .second chro¬ 
mosomes of race B (classes 1 and 2) have testes equal to or larger than 
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similar males carrying a part of the sfecond chromosome of race A (classes 
17-20). In either case, the substitution of the right part of the second chro¬ 
mosome (carrying Sm) produces less effect than the substitution of the 
left part of the second chromosome (carrying cn). 

The conclusion is warranted that more than one locus concerned with 
sterility is present in the second chromosome, and that the part of the 
chromosome marked by cn carries either more numerous or stronger steril¬ 
ity factors than the part marked by Sm. This result was not unexpected, 
in view of the fact that, according to the data of Sturtevant, the gene 
Sm is easily transferred from race B to race A, whereas we have not been 
able to transfer Ba (lying very close to cn) from race A to race B. A less 
extensive series of attempts to transfer cn from race B to A was also unsuc¬ 
cessful. 

Since the real position of the genes cn, Ba, and Sm in the second chromo¬ 
some (in terms of the cytological map) is as yet unknown, it is not possible 
to decide which of the two parts of the chromosome is longer, and hence 
it remains obscure whether or not the effectiveness of a given chromosome 
section is proportional to its cytological length. 

FERTILITY TESTS 

The main body of our conclusions regarding the localization of the 
sterility genes is based on testes measurements, not on direct fertility 
tests. The justification of the procedure is given above, and need not be 
repeated here. Some fertility tests were performed as an additional check. 

In the offspring of the backcross to race B the results of which are 
represented in table 2 males of the classes 1-8 were selected and crossed to 
pure race B females. Fifty males of each class were segregated into batches 
of five, and each batch was placed with 3-4 females in a separate culture 
bottle. No tests of individual males were made, since the males appearing 
in the backcrosses are, in contradistinction to males of pure races or the 
Fj hybrids, rather weak, sometimes somatically abnormal, and in general 
inferior in vigor. The causation of this decrease in vigor in backcross males 
constitutes a separate problem (Dobzhansky and Sturtevant 1935). 

Males of the classes 5,6,7 and 8 produced no offspring. Hence, males car¬ 
rying a second chromosome of race B and an X of race A are always sterile 
(which was to be expected since they have testes distinctly smaller than 
normal). All culture bottles containing males of the classes 1, 2, 3, and 4 
produced offspring, although some of them did so only after repeated 
transfers on fresh food, and even then the offspring were few in number. 
The conclusion follows that males carrying all race B chromosomes in race 
A cytoplasm may be fertile, and the presence of the race A third or fourth 
chromosomes, or both together, with race B X and second chromosomes, 
does not necessarily prevent fertility. 
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THE SECOND BACKCROSS GENERATION 

Females appearing in the first backcross generation fall into as many 
distinct genotypic classes as do their brothers. All of them possess a full 
set of the chromosomes of the race to which their father belonged, but the 
second set of the chromosomes inherited from the mother may be of either 
race, or may be partly derived from one race and partly from the other. 

Some females that were sisters of the males whose testis measurements 
are presented in table 2 (coming from a backcross of the Fi hybrid females 
to race B males) were individually crossed to race B males homozygous 
for orange. Since these females have their race A chromosomes marked 
by mutant genes, their own genetic constitution, as well as the genetic 
constitution of their male offspring, can be judged by the phenotype. No 
testis measurements were made on the males of the second backcross 
generation, but the testis size was evaluated by dissection and a simple 
inspection. 

The results obtained are summarized below. 

1. Females carrying all chromosomes of race B {or Cy in phenotype). 
Four such females tested; all sons have testes of normal size. 

2. Females carrying an X of race A, rest of the chromosomes race B 
{or Cy in phenotype). One female tested; wild type sons have large testes, 
hd y s sons small to intermediate. 

3. Females carrying a race A fourth chromosome, rest of the chromo¬ 
somes race B {or in phenotype). Two tested; all sons have large testes. 

4. Females carrying a race A third chromosome, rest of the chromo¬ 
somes race B ((’y in phenotype). Five tested; four produced all sons with 
large testes, one gave sons with testis size varying from large to inter¬ 
mediate. 

5. Females as above, but also one race A X chromosome {Cy in pheno¬ 
type). Two tested; bd y s sons have small testes, wild type ones large 
testes. 

6. Females carrying one third and one fourth chromosome of race A, 
the rest of the chromosomes of race B (wild type in phenotype). Seven 
tested; two produced sons with large testes, and five gave sons with testes 
varying from large to intermediate. 

7. Females as above, but also one race A X chromosome (wild type in 
phenotype). One tested; bd y s sons had very small testes, non-y sons large 
to intermediate. 

8. Females having one second and one fourth chromosomes of race A, 
the rest of race B (phenotype Ba or). One tested; Ba sons with very small 
testes, non-Ba sons with testes of intermediate size. 

9. Females having one second and one third chromosomes of race A, the 
rest of race B (phenotype Ba Cy). Four tested; wild type and Cy sons had 
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testes of intermediate size, Ba Cy sons—small testes, Ba sons—very small 
testes. 

10. Females having one set of autosomes of race A, the X’s and the 
other set of autosomes of race B (phenotype Ba). One tested; wild type 
sons had intermediate or small testes, Ba sons very small testes. 

These data, meager as they are, corroborate the conclusions regarding 
the distribution of the sterility factors in the chromosomes reached in the 
main body of the work. The failure to test a large number of the backcross 
females is due to the fact that they are on the whole much weaker than 
the Fi hybrid females, and frequently produce no offspring. 

DISCUSSION 

The possibility that the sterility of the interracial hybrids in Drosophila 
pseudoobscura is due to an accumulation of structural differences between 
the chromosomes of the two races may be considered excluded. Some 
arguments against this possibility were presented in an earlier publication 
(Dobzhansky 1934). More recently Tan (1935a, b) has studied the chro¬ 
mosomes of the salivary gland cells in both races, and has found that they 
differ in six inverted sections, four of which are located in the X chromo¬ 
some, one in the second and one in the third. Since in D. pseudoobscura 
the sterility is confined to the male hybrids, only the two autosomal inver¬ 
sions come under consideration as a possible cause of sterility. D. melano- 
gaster individuals of either sex heterozygous for five inversions (delta-49 
in the X chromosome, CIIL and CIIR of Curly in the second, CIIIL and 
CIIIR of Deformed in the third chromosome) are fertile. According to 
the unpublished data of Sturtevant, the wild strains of D. pseudoobscura 
found in nature are frequently heterozygous for inverted sections in the 
third, and less frequently also in the second and in the X chromosomes, 
but no sterility is apparent in these strains. The autosomal interracial 
inversions discovered by Tan are remarkable neither in their cytological 
length nor in the extent of the suppression of crossing over they produce 
in the chromosomes concerned. The fourth chromosomes of the two races 
are, according to Tan, similar in gene alignment, but a failure of their 
pairing is frequently observed in the interracial hybrids. In short, the evi¬ 
dence against these inversions directly causing the sterility in D. pseudo¬ 
obscura appears conclusive. 

The data presented in this article show that genetic factors causing 
sterility of the interracial hybrids exist in all the chromosomes tested, that 
is in all the chromosomes except the fifth. Moreover, in the X, the second, 
and the third chromosomes respectively more than one sterility factor was 
detected. On the other hand, the effects of the different chromosomes are 
not equally strong; the left limb of the X has the strongest effect, the 
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right limb of the X, the second, the third, and the fourth chromosomes 
are decreasingly effective in the order indicated. This fact may be inter¬ 
preted as indicating that “main sterility factors” lie in the X and in the 
second chromosomes, while the third and the fourth contain minor con¬ 
tributing factors or modifiers. This interpretation is, however, not a neces¬ 
sary one. I’he cytological lengths of the chromosomes (in salivary gland 
cells, according to Tan) decrease in the following order: X chromosome, 
second, third, and fourth chromosomes. Hence, the effectiveness of a 
chromosome in producing sterility is on the whole proportional to its 
length. That no strict proportionality of this sort obtains is clearly demon¬ 
strated by the greater effectiveness of the shorter left limb of the X as 
compared with the cytologically longer right limb of the same chromo¬ 
some, but the available data permit no classification of the sterility factors 
into main and modifying ones. The greater effectiveness of the part of the 
second chromosome carrying the loci of Bare and cinnabar as compared 
with the part of the same chromosome cariydng Smoky also gives no evi¬ 
dence on this point since the c 3 '^tological lengths of these parts are as yet 
unknown. Likewise, the question of whether or not the parts of the chro¬ 
mosomes carrying interracial inversions are especially likely to contain 
numerous or powerful sterilitj’ genes remains open. 

'I’he available data are best interpreted as meaning that the testis size 
in the backcross hybrids is the larger the more their X chromosome agrees 
with the autosomes as to its racial origin. In other words, sterility versus 
fertility seems to be determined bj' interactions of factors located in the 
X chromosome with factors located in the autosomes. Here again, this 
interpretation is not a necessary’ one, since the cytological length of the X 
of D. pseudoohsrura is almost equal to the sum of the lengths of all the 
autosomes. Hence, the data are not inconsistent with the supposition that 
testes are smallest in males carrying equal volumes of the chromosomal 
material from both races, and that the more homogeneous are the chromo¬ 
somes in their racial origin, the larger are the testes. 

Concerning the mechanism of the action of the sterility factors, the 
available data pwjrmit a single conclusion only, namely that their effects 
on testis size are additive. This is amply demonstrated by the figures in 
tables 1-4: if two chromosomes, or sections of chromosomes, each produce 
a decrease (or an increase) in testis size, these two chromosomes, or sec¬ 
tions, produce a larger decrease (or increase) if they are present simul¬ 
taneously. More complicated forms of interactions, for instance factors 
whose effects are contingent on the presence of other factors, have not been 
detected. The only exception is the third chromosome of race B, the action 
of which in the hybrids possessing predominantly race B chromosomes 
(or at least the race B X chromosome) is complicated by a maternal effect 
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(see the discussion of this point in the text). It is of interest that in hybrids 
carrying predominantly race A chromosomes the third chromosome does 
not show any anomalous effects. 

SUMMARY 

1. Crosses between race A and race B of Drosophila pscudoobscura pro¬ 
duce in Fi fertile daughters and sterile sons. The Fi females may be back- 
crossed to males of either parental race. Some of the males in the resulting 
offspring are fertile and others are sterile. Fertile males always have large 
testes, while testes in the sterile males vary in size from normal to very 
small. The testis size is an index of the degree of disturbance in the process 
of spermatogenesis, the disturbance being greatest in the smallest testes. 

2. Backcross males having only race A chromosomes arc fertile irrespec¬ 
tive of whether they have the cytoplasm derived from race A or from race 
B. Backcross males having only race B chromosomes are likewise fertile 
irrespective of the source of their cytoplasm. 

3. In the offspring of the backcross of the Fi hybrid females to race A 
males, the males carrying the X chromosome from race A have larger testes 
than those carrying the X chromosome from race B (table 1, figure 1). 
Among classes carrying the same X chromosome testis size depends upon 
the autosomes: the more the autosomes agree in their racial origin with the 
X chromosome the larger are the testes, and vice versa. 

4. Backcrosses of the Fi hybrid females to race B males give results 
analogous to the above but reverse in sign; the largest testes are present 
in backcross males having the race B X chromosome and race B auto¬ 
somes, and smallest testes in males carrying race A X chromosome and B 
race autosomes (tables 2, 3, and 4, figure 2). 

5. All the chromosomes studied carry genes concerned with testis size, 
and consequently with sterility. The X chromosome produces, however, 
the strongest effect, the second chromosome follows next, and the third 
and the fourth chromosomes last. Thus, on the whole, the effectiveness 
of each of the chromosomes is proportional to its cytological length. 

6. Wherever in our experiments a chromosome was marked by more 
than one mutant gene it was possible to show that sterility genes are pres¬ 
ent in different parts of this chromosome. 

7. The effects of the sterility genes located in the different chromosomes 
and sections of the chromosomes are additive. 

8. The behavior of the third chromosome of race B in the hybrid males 
of the first backcross generation possessing a majority of race B chromo¬ 
somes is anomalous. Such males have larger testes if they carry one race 
A and one race B third chromosome than if they are homozygous for the 
race B third chromosome. This anomaly is due to a maternal effect: in in- 
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dividuals coming from the eggs of the Fi hybrid females homozygosis for 
the race B third chromosome decreases the testis size. 
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INTRODUCTION 

I N Aplocheilus talipes where the male is digametic XY two allelomor¬ 
phic genes concerning the body color, orange-red (/?) and white (r) 
are located in the X and Y chromosomes (Aida 1921). Heterozygous 
orange-red males X.RYr in crosses with white females XrXr produce 
orange-red females XRXr and white males XrYr in criss-cross manner, 
though sometimes a few exceptional orange-red males may be found. Some 
of these abnormal males produce in crosses with normal females ofI.spring 
with an abnormal sex ratio, the females always predominating in number 
and the males which are all abnormal like their male parent being very 
few or not present at all. By carrying on the breeding of these males gen¬ 
eration after generation I found that the proportion of males gradually in¬ 
creases (Aida 1930), and I tried in the former report to explain these 
abnormal males as the product of non-disjunction in sex chromosomes 
having XXY constitution. 

WiNGE (1930) found in Lebistes reliculatus sex-reversed males of female 
genotype XX which in crosses with normal females produced female off¬ 
spring only. On account of the similarity of breeding results between his 
observation on sex reversal and ours on abnormal males he suggested that 
our male fish are also produced by sex reversal, but not by non-disjunction. 

To determine which one of these alternative conceptions is more valid 
further research has been continued. A new fact irreconcilable with the 
supposition of non-disjunction was found, and at present I am inclined to 
believe that our males are, as Wince has assumed, sex-reversed males of 
the female genotype XX. Moreover I was able to produce at the same time 
females which are unquestionably due to sex reversal, viz. females of male 
genotype XY. 

The possibility of sex alteration in so well differentiated a gonochorist 
as Aplocheilus and the breeding results induced me to make a new hypo¬ 
thesis on sex differentiation in our fish. 


Gxifmcs21:13a Ur 1936 
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1. Effect of individuality of male parent on sex differentiation 

Among a great number of matings of abnormal males in 1927 (table 4, 
Aida 1930) the male designated as K10,8 produced male offspring in the 
highest ratio, viz. 4 9 :lcf, and male M2 also in pretty high ratio, viz. 
10 9 :1 cf . In 1928 some male offspring from these two matings were each 
mated to five females from the same litter as the male. 

'1’ahle 1 

Male offsprinfi of the males KKf S and \f 2 crossed each with 5 fern Uesfrom the same litter as the male, 

= Orange-red. White. 


NO. AND 

PAKKNTB 



orrspRiNO 


TOTAL 

RATIO 

MATiNti 

o’' 

9 

9 9R 

9 9r 

(fd'R 

d’d^’r 

9 9 

d'd' 

9-cf 

H 26 

R 

R 








’28 

KIO, 8, 3 

5 

190 

71 

27 

15 

261 

42 

6 

B.27 

R 

R 








’28 

KIO, 8, 2 

5 

145 

6S 

27 

27 

213 

54 

4 

B.28 

R 

R 








’28 

KIO, 8, 4 

5 

149 

44 

6 

1 

193 

7 

28 

B.,^() 

R 

R 








’28 

KIO, 8,5 

5 

61 

27 

3 

0 

88 

3 

29 

hJl 

R 

r 








’28 

KIO, S, 6 

5 

m 

83 

8 

5 

187 

13 

14 


R 

r 








’28 

KIO, 8, 7 

5 

92 

78 

8 

4 

170 

12 

14 


R 

f 








’28 

M2, 4 

5 

47 

17 

3 

t 

64 

4 

16 

B.17 

R 

r 








’28 

M2, 6 

5 

291 

284 

50 

46 

575 

96 

6 

B.18 

R 

r 








’28 

M2, 2 

5 

37 

53 

5 

5 

90 

10 

9 

B.19 

R 

r 








’28 

M2, 8 

5 

324 

343 

62 

68 

667 

130 

5 

B.20 

R 

r 








’28 

M2, 7 

5 

fO 

79 

9 

7 

159 

16 

10 


In the above tabulated matings the ratio of males to females varies 
from 4 to 29, and no constancy is found notwithstanding the fact that 
the parents of each mating were taken from the same litter. 
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All matings were carried on at the same season of the year under similar 
conditions as possible, so that the difference of external influences is ex¬ 
cluded. As in each mating the five females, all taken from the same litter, 
were crossed with the single male, if some different tendency in producing 
the male number should exist in the female parent, it might have been 
mitigated, and would not affect so much the ratio of male number in off¬ 
spring as we have seen. The actual variation of the ratio, accordingly, may 
be considered to depend on the nature of the male parent. 

2. Effect of individuality of female parent on sex differentiation 

In the next year (1929) a single male was mated simultaneously to two 
females in the same aquarium, each from different litters, and the sex num¬ 
bers were counted in the offspring of each female parent separately. 

Table 2 

Three orattge-red males^ A , B, and C\from mating 26, 192S, were each mated to single orange red 
female from the same litter attd also simidtaneously to single white female from mating 29,192S, where 
only females and no males were produced 170 9 9 , OS' . 

R=Orange*red. r~ White. 


NO. AND PARENTS OPP8PRINO T(JTAL 

YEAR OP--- --- RATIO 


MATING 

o' 

9 

99/e 

9 9r 

cfcfR 

d"cfr 

9 9 

cfcf 

9*d' 

B.9 


R 








’29 

A 

from B.26, ’28 

62 

24 

33 

12 

86 

45 

2 

B.12 


r 








’29 


from B.29, ’28 

38 

30 

31 

29 

68 

60 

1 

B.IO 


R 








’29 

B 

from B.26, ’28 

97 


21 


97 

21 

5 

B.13 


r 








’29 


from B.29, ’28 

136 

1 



137 

0 

No males 

B.ll 


R 








’29 

C 

from B.26, ’28 

77 

18 

33 

13 

95 

46 

2 

B.14 


r 








’29 


from B.29, ’28 

69 

59 

6 

1 

128 

7 

18 


The breeding results in the table 2 show clearly that the same male may 
produce in matings to different females male offspring in different ratios. 
That this variation of the ratio is caused by the difference of the individual 
tendencies of female parents is to be conjectured. 

When the females are taken from the wild stock and bred to any abnor¬ 
mal male, the offspring are always all female with none or very few males. 
Even the males which in crosses with colored females produce many male 
offspring yield in simultaneous crosses with wild females female offspring 
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only. The breeding results of the same male mated to the colored and wild 
females at the same time in the same aquarium are summarized in the 
next table. 

Table ^ 

Abnormal male crossed with colored and wild females. 

Brown, the wild color. Orange-red variegated with black. 

= White variegated with black. R = Orange-red. r = While. 


NO, ANI> 

YBAii or 

MATING 

PARKVTK 

OFK8PttINO 


TOTAL 

RATIO 

0" 

V 

9 9 

cfcf 


9 9 

cfcf 

9 : (/■ 




B'R 16 

B'R 

16] 




B.25 


R 

B'r 16 

B'r 

nl 

49 

58 

1 

’32 



R 7 

R 

12 


B'r 

(B 20, ’31) 

(K.20,’3n 

r 10 

r 

Idj 












B..U 


BK 

BR 120 


0 

120 

0 


’32 


(Wild) 







B.r“ 

’33 

R 

(B 2S,’32) 

r 

(B28/12) 

R 74 
r 81 

R 

r 

W 

22^ 

1 155 

41 

4 









B2 


BR 

BR 153 

BR 

0 

153 

0 


’33 


(Wdd) 










B'R 2<r 

~}V~R 





B 15 


r 

B'r 29 

B'r 


103 

12 

9 

'33 


(H.26,’22) 

R 23 

R 




B'R 

(H.2(>, ’32) 


r 22 

r 













B.16 


BR 

BR 310 


0 

310 

0 


’33 


(W ild) 








Table 3 shows that the very same males which have produced in crosses 
with colored females males in the ratio of one-fifth, one-tenth or even more 
than one-half of the total offspring, yielded in mating to wild females, fe¬ 
males only and no males at all. 'fhe wild females, nevertheless, do not 
produce constantly females only, thus sometimes when the number of the 
offspring rearetl is large enough a lew males may be found. For instance, 
in mating 2, 1931, where an abnormal male was mated to three wild fe¬ 
males, only one male was found among 719 offspring, the remaining ones 
being females. 

From these results the inference may be drawn that the females of our 
colored varieties have some tendency to produce a greater number of male 
offspring than the wild normal females. 

3. Seasonal influence on sex differentiation 

The ratio of males produced varies according to the different seasons. 
Our fish spawn every morning throughout the whole warm season, and 
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the sex ratio in the offspring from the same parents differs according as 
they are hatched out in early or mid-summer. In the next table the num¬ 
bers of male and female offspring from the same parents reared in each 
period are separately listed. The water temperature at the surface in the 
morning before sunrise was in the first period 23-26^0. and in the second 
25~28^C. 

Table 4 

Ojhpriftg of the same parents hatched out tn earlier and later periods of summer. 


BR, B'R, B'r, R'r same as in former tal)lc. /?r«niue. 


NO. AND 

TEAR or 

MATING 

PARENTS 

HATCHED 




orrspRiNG 




TOTAL 

RATIO 

c/* 9 

OUT 

PERIODS 


99 





99 

9:c?' 



From June 26 












B.6 

R R 

to July 20 

R 

54 

r 

20 

R 

0 

r 

1 

74 

1 

70 

»29 

(B.31,’28) 















From July 21 














to August 10 

R 

52 

r 

21 

R 

18 

r 

7 

73 

25 

3 



From June 26 












B.7 

R R 

to July 20 

R 

3S 

r 

15 

R 

9 

r 

2 

53 

11 

5 

'29 

(B,31,’28) 















From July 21 














to August 16 

R 

16 

r 

6 

R 

17 

r 

7 

22 

24 

1 



From June 26 












B.8 

R R 

to July 23 

R 

53 

r 

24 

R 

4 

r 

1 

82 

5 

16 

>29 

(B.31,’2S) 















From July 24 














to August 17 

R 

40 

r 

20 

R 

30 

r 

10 

60 

40 

1.5 



From July 4 

liR 

if 

~~fir~ 

9 

~fiR 

9 

fir 

~8 




B.23 

BR r 

to July 20 

R 

10 

r 

9 

R 

1 

r 

6 

39 

24 

2 

'32 

(B.2, From 














'31) normal From July 25 

fir 

11 

fir 

11 

BR 

1 

Br 

4 





stock 

to August 6 

R 

17 

r 

12 

R 

1 

r 

3 

51 

9 

6 



From July 10 

''b'r 

9 

"fiW 

9 

B'R 


'fi'r 

i ' 




B.27 

B'R r 

to July 20 

R 

7 

r 

5 

R 

0 

r 

0 

30 

3 

10 

>32 

(B.16,’3l) 















From July 24 

fi'R?i 

B^r 

10 

B'R 

8 

B'r 

9 






to August 6 

R 

26 

r 

11 

R 

5 

r 

8 

71 

30 

2 


From the table we can see clearly that the season has a certain influence 
in determining the ratio of male offspring. In four matings among five the 
increase of the male number is very large in the second period. Probably 
high temperature may induce some females to male reversal. Winge 
( 1934) reports similar seasonal influence on the sex ratio in offspring of 
sex-reversed males of Lebistes. Thus he found that though in the early 
Summer a relatively large number of males is produced, in other seasons 
the number of females increases, the females alone being produced in 
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winter. According to Witschi (1929) female tadpoles of Rana sylvatica re¬ 
verse to males at high temperature. Thus the temperature seems to have a 
similar effect on sex differentiation in lower vertebrates. 

4. Excess of male number 

The mating 9, 1930, yielded male offspring in a high ratio, viz., 140 9 9 
and 81 cf cf. In the next year lOcf cf and 19 9 9 from them were bred in 
mass (B.20, ’31). The result was 105 9 9 and 82c?’cf’; the male ratio in¬ 
creased a little over that of the parents’ brood. One male among them, 
orange-red variegated with black, was paired with a normal white female. 
This mating produced 1430^ cJ' and 45 9 9 ; so the male number amounts 
to more than thrice that of the female, an enormously high male ratio. 
The details arc listed in table 5. 


5 

Mating 36,1932: B'R male crossed ulth r female, 
R 'R, R V, R, r same as in former tables. 


HrAWMNU 

IVTRKVAL 

rRT ABOUT A 

UONTH OLD 


99 



d'd* 



; 9 

(fcf 

9 c?’ 

From July 

98 

R'R\2 

R 

4 

R'R 

16 

R 

16 



1 

to July 20 


R'r 4 

r 

3 

R'r 

20 

r 

22 

23 

74 

3 

From July 24 

72 

R'R 4 

R 

2 

R'R 

10 

R 

6 



1 

to August 6 


R'r 6 

r 

6 

R'r 

6 

r 

12 

18 

34 

'1 

From August 14 

210 

B'R 0 

R 

2 

R'R 

9 

R 

9 



1 

to August 29 


R'r 0 

r 

2 

R'r 

15 

r 

2 

4 

35 

9 


tirand total 45 9 9 1cf* c?’ 


The discrimination of sex in our fish according to external aspects which 
is not possible in young stages may be made only after maturity, when the 
male manifests its secondary sexual characters, viz., long dorsal fin and 
wide anal fin with minute horny processes on fin rays (Oka 1931) and 
when the female lays eggs. From hatching to maturity there is an in¬ 
terval of about one year, so that the young individuals must pass the cold 
season, many weak ones dying during this hibernation. 

Some suspicion might be raised concerning the sex ratios above in that 
through some unknown cause the majority of the female offspring might 
die to cause an unusually high male ratio. In the offspring of the third pe¬ 
riod the rate of mortality is great, thus only 39 adult fishes were reared 
from 210 fry. But in those of the first period nearly all of the fry became 
fully grown, and the disturbance of the sex ratio due to death is not ob¬ 
servable. The preponderance of the male offspring in this case, therefore, 
must be due to the special nature of the parents, and this fact alone suffices 
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to deny my former supposition of non-disjunction in the origin of abnor¬ 
mal males. If the latter were the products of non-disjunction and had 
XXY chromosomes, it should be quite impossible to produce more male 
offspring than female. In our experiment the male number amounts to 
more than thrice that of the female. It is clear that our former supposition 
of non-disjunction must be abandoned, and the hypothesis of sex-reversal 
must be adopted instead of it. 

From all these breeding results we can see that the sex ratio of the off¬ 
spring of abnormal males crossed with any female of colored varieties 
varies according to the individuality of the two parents and it differs even 
in different parents taken from the same litter. Through the continual 
selection of the abnormal male as parent from the litter where the male 
ratio is high the male offspring may gra<lually increase until eventually 
they are in excess. The increase in the proportion of male offspring genera¬ 
tion after generation, that I reported in my last paper (19.10) is also proba¬ 
bly the result of selection, as I have always chosen the male as parent of the 
next mating from the litter in which a relatively large number of males 
was found. 


SEX-REVERSED FEMALE OF MALE GENOTYPE 

A mass mating of normal strain, 1929, where ten white females (XrXr) 
were crossed with five orange-red males (XRYr) gave the normal offspring 
composed of 614 orange-red females, 42.3 white males and a single excep¬ 
tional white female. The last one was paired with a single normal orange- 
red male (XRYr), the result of which was quite remarkable, as shown in 
the next table. 

Tj^bi-F. 5 


Exceptional ■white female croaked with single normal orange-red male (XRYr). 
Mating 41, 1930 



0IUN01t<KBD 

WHITB 

TOTAL 


9 9 

55 

0 

55 


cfcf 

55 

112 

167 



If the exceptional female were of normal constitution XrXr the orange- 
red and white offspring should be female and male respectively. We see 
however that half of the orange-red offspring are males: thus among i 
orange-red individuals one-half, i.e., 55 are male and another half female; 
while all white individuals, 112 in all, are male. In total the number of the 
male offspring is thrice that of female. 

This singular result may be well explamed by supposing that the excep¬ 
tional female was produced by sex reversal and has X and Y chromo¬ 
somes. Such a white female XrYr mated to a notmal orange-red male 
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Xi?Yr will produce offspring composed of orange-red females X/iXr and 
males XRYr, as well as white males XrYr and YrYr in equal ratio, so that 
the male number will be thrice that of female if the YY males survive. 

If this supposition is correct, half of the white male offspring must have 
two Y chromosomes and in mating with normal female XX produce male 
offspring only. To test this supposition, three white males were taken at 
random and each was mated to three normal females respectively. The 
results are listed in the next table. 


T.vhle 6 

3 u'hile ftiiilrs from H //, crossed each uilli 3 normal orange-red females. 

R. r=^sanie as in former tables 


NrUBAK AND 

ricAA or 

MATING 


MALK 

PAREfTT 




IMS. m \ H 


in9,1031 (' 


OKFNI'RIVO 


- total 


R i4 R 

r 11 r 

R 1 R 

r 5 r 

R 0 R 

r 0 r 


S 9 9 25 

j5_ (fd' _^ 

5 9 9 6 

4__9 

1,1 " 9 9 0 

0 cTcf 22 


Though since the number of offspring reared from each mating above 
listed is small the results cannot perhaps be regarded as quite conclusive, 
yet they are in favor of the supposition just stated. Two males, A and B, 
produced offspring with a normal sex ratio, while C male produced only 
males. Ten offspring from the C male, i.e.. five orange-reds and five whites 
were tested by pairing to normal white and orange-red females respectively. 
The results were quite normal, because the former yielded offspring con¬ 
sisting of orange-red females and white males in criss-cross manner, and 
the latter both orange-red and white females and males in equal ratio. 
From these facts it may be inferred that all male offspring of C male are 
of the normal XY constitution and consequently the C male must have 
two Y chromosomes. 

The orange-red males of the same litter as t' male (B.41 ’30) were all 
normal. Three fishes among them were crossed with three normal white 
females respectively. The results showed normal criss-cross inheritance: 
all orange-red offspring were females and all whites were males, as shown 
in table 7. 

The single exceptional white female in mating 11, 1931, is the second 
fish produced by sex reversal which I obtained, and breeding experiments 
similar to the above stated were repeated with this female: it was paired 
with a single orange-red male from normal stock. The result was quite 
similar to that of B.41, ’30 (table 8). 
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Table 7 

Offspring of 3 orange-red males from BAl^ *30, crossed each with 3 normal white females. 


OF MATING 

9 9 

d'cT 

9 9 


B.9, ’31 

219 

0 

0 

2(H 

B.IO, ’31 

154 

0 

0 

182 

B 11, ’31 

105 

0 

1 

95 


Table 8 

Exceptional white female from B 11, ^31 ^ paired with a normal orange-red male. Mating 22,1932. 


OKANOB-RKD WHHK TOTAL 


9 9 217 0 217 

c/’cf 222 5% 


The mode of color inheritance was quite normal, orange-red and white 
offspring being nearly in equal ratio, as the male parent was heterozygous 
for its color. One half of the orange-reds were males and the other half 
females. The total number of males was thrice that of the females as in 

Under the expectation that one half of the white males would yield male 
offspring only, ten individuals among them were paired each with a single 
female. The results are shown in table 9. 

Table 

Offspring of 10 while males from B.22, '^2, trossed with orange-red females. 

Orange-re< I. While. 


NO. AND 
YKAA or 
MATING 


FKMALB NUMBER OF FRT ABOUT 

PARENT A MONTH OLD 


ADULT OFFHPRINO 


TOTAL 


R 

n.5, ’33 from same litter 
as male 

B.6, ’33 
B.7, ’33 
B.8, ’33 
B.9, ’33 

K 

B.IO,’33 from normal stock 

B.ll, ’33 

B.12, *33 

B.13, ’33 

B.14, *33 


K 

r 

/?9 9 

Rd'd' 

274 

26^ 

32 

30 

173 

168 

0 

119 

84 

102 

27 

23 

126 

142 

0 

116 

202 

199 

85 

68 


254 

2.59 

94 

104 

195 

219 

0 

118 

2.56 

264 

101 

83 

306 

,542 

69 

76 

93 

86 

1 

6.5 


9 9 

refer 

9 9 

cfcT 

28 

31 

60 

61 

0 

116 

0 

235 

35 

18 

62 

41 

1 

116 

1 

232 

68 

75 

153 


93 

90 

187 

194 

0 

131 

0 

249 

88 

93 

189 

176 

61 

66 

130 

142 

0 

59 

1 

122 


In four matings B.6, B.8, B.ll and B.14 among ten, only male offspring 
were produced, and in two matings B.8 and B.14 one single exceptional 
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female was found. The remaining six matings yielded offspring of normal 
sex ratio, i.e., the female and male nearly in equal proportion. The death 
rate of young fishes during hibernation is not small, as already stated, and 
is especially heavy when they are attacked by epidemic disease as in B.5, 
but in those four matings the greater number of fry was reared up to ma¬ 
turity and there is scarcely any doubt that all females in them were killed 
and the males alone survived. It is plausible to think that the male parents 
in those matings carry two Y and no X chromosomes at all. 

The fact that four males among ten, i.e., one-half of the whole male 
offspring carry two Y chromosomes well verifies the supposition that the 
mother fish of these males, the exceptional white female, is the sex-reversed 
female of male genotype XY. 

For the test of the brother orange-red males (B.22 ’32) ten fishes among 
them were mated to normal white females or orange-red females from the 
same litter as males. Two matings were unfruitful, the other eight all 
showed normal inheritance so that all orange-red males of B.22 ’32 are to 
be supposed to have the normal constitution of XY (table 10). 


T\ble 10 

Orange-red males from B.22, ^32 mated to orange-red females of the same litter or to white females 

from normal slock. 

R, r same as in former table. 


nv. Anu 

NUMBCK or KRY ABOUT 

TKAROr r£MALR PARBNT ADULT OPPBPR1NO 

A MONTH OLD 


B,18, \^3 
B.20, ^33 
B.21, »33 

r 

from normal stock 

u 

R 

266 

145 

26.^ 

r 

217 

146 

271 

R9 9 
247 

138 

187 

Rd'd^ 

2 

0 

1 

r9 9 

0 

0 

0 

ref’d’ 

197 

135 

179 

B.22, ’33 

R 

from B.22, '32 

297 

95 

145 

67 

0 

63 

B.23, *33 


442 

138 

194 

100 

0 

84 

B.24, ’33 

M 

454 

148 

239 

114 

0 

116 

B.25, ’33 

U 

216 

72 

M) 

22 

0 

17 

B.26, *33 

U 

252 

69 

178 

63 

0 

62. 


Quite similar results were obtained by Wince (1934) on the sex-reversed 
female of LebisUs reticulatus, which produced in a cross with normal male 
21 females and 81 males, i.e., in the ratio of 1:3. One-third of the males were 
reported to be YY males, and in crosses with normal females produced 
male offspring only, just as in our case. 

It is very interesting to see that in fishes which are well sex-differentiated 
like Lebistes and Aplocheilus one sex may change to the opposite one, and 
that YY male may be viable and fertile while it is lethal in Drosophila. 
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DISCUSSION AND A NEW SUPPOSITION ON SEX DIFFERENTIATION 

At present the elucidation of sex differentiation is based on the funda¬ 
mental conception, proposed by Morgan, of two antagonistic and com¬ 
peting female and male determining factors. Generally it is understood 
that when the female factor F predominates the individual becomes fe¬ 
male, while when the male factor M prevails it becomes male. But about 
the locations of these factors in the germ cells the opinions of different 
authors do not agree. 

( OLDSCHMiDT (1934) in his explanation of intersexes in Lymantria (fe¬ 
male digamety) locates the M factor in X chromosome and the F factor in 
the cytoplasm of the ovum, FMM being male and FM female. Kosswic. 
(1931) to explain sex differentiation in the hybrid between Platypoecilus 
maculalus (female digamety) and Xiphophorus Ilelleri, supposes in the 
former the M factor to be located in autosomes and the F in W or Y chro¬ 
mosome; the Z or X chromosome being quite indifferent in sex determina¬ 
tion has none oi F or M factor. According to Bridges (1925) in Drosophila 
(male digamety) all autosomes have both female and male genes, and in 
total the male genes are more effective than the female. The X chromo¬ 
some in contrast to autosomes contains net female genes, and the sex is 
differentiated according to the ratio of these two sets of genes. Witschi 
(1929) assumes in European frog (male digamety) that the autosomes have 
net M factor and X chromosome net F factor as in Drosophila, and more¬ 
over V chromosome carries a variable / factor, the allelomorph of F and 
lower in its strength than the single M. Wince (1934) in the interpretation 
of sex reversal in Lebistes (male digamety) supposes that the net factor 
of each autosome is different in quality and strength, some being feminine, 
and others masculine in various strengths. The X chromosome is feminine, 
while the Y chromosome is masculine and stronger than a single X. The 
sex reversal is considered to be caused by the accumulation of autosomes 
of the same sort in an ovum, whose factors being all feminine or masculine 
surpass in total the antagonistic effect of sex chromosomes so that an 
individual XX may be changed to male and the XY to female. 

Such diversities of the opinions of different authors about the location 
of F and M factors induced me to doubt their real existence. From the 
facts that in Aplocheilus as well as in Lebistes females of male genotype 
and males of female genotype may be produced through sex reversal, 
and that the males of female genotsrpe produce in crosses with normal 
females offspring with sex ratios varying from all females to a preponder¬ 
ance of males, I am induced to make the following hypothesis on sex differ¬ 
entiation. 

The genes which correspond to the primary sexual characters of both 
sexes are distributed in autosomes, and they ^come activated by certain 
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definite genes which act as stimulating genes. We may think that the sex 
differentiation is due to the difference of the quantity of such stimulating 
genes. When it is greater than a certain limiting value the feminine genes 
only are activated and the action of masculine genes is suppressed so 
that the female characters will develop, while on the contrary when it is 
smaller just the reverse will take place. 

The genes concerned in stimulating, which we may call sexual exciters, 
are located in the sex chromosomes. In the heterogametic male the total 
sum of sexual exciters in X and Y chromosomes is less than that contained 
in the two X chromosomes, and in the heterogametic female their total 
quantity in X and Y or Z and W chromosomes is greater than that in two 
X or Z chromosomes; in other words, in the former case the X chromosome 
has greater exciting quantity or potency than the Y and in the latter case 
we have the reverse. As thus the differentiation of sexes is considered to be 
caused by the difference of quantity of the same exciting agency there 
should be a threshold value between the two sex determining quantities 
and when either of the latter is greater than that value the action of female 
genes and in the contrary case that of male genes will be stimulated. 

Though some external or internal conditions might influence these ex¬ 
citing fx^tencies of sex chromosomes, in normal case their disturbing action 
is not so great as to cause the total sum of the potencies of sex chromosomes 
to pass over the threshold value and produce abnormal sex differentiation. 

According to my opinion the sex reversal in our fish may be explained 
by an unusual disturbance of the potency of the X chromosome. In our 
breeds of colored varieties, I think, the X chromosome loses the constancy 
of its potency by some unknown cause, and so fluctuates always in varying 
range that in some fishes which happened to have lower fluctuants of the 
X chromosome the total sum of their potencies falls under the threshold 
value, so that the masculine genes only are activated notwithstanding 
their female genotype, and the sex is reversed. 

The range of fluctuation is supposed not to be equal in all X chromo¬ 
somes and it varies even in those of offspring produced from the same par¬ 
ents. The variation of the number of sex-reversed males due to the indi¬ 
viduality of both parents in the offspring of the XX male crossed with the 
female of colored varieties will be the result of the varying ranges of fluc¬ 
tuation in the X chromosomes of the latter. The wider the range of their 
fluctuation in both parents, the greater number of males will be produced. 

From the fact that in crosses with wild females any sex-reversed male 
yields generally female offspring only, rarely together with a few males, 
we may infer that the range of fluctuation is not very wide in negative di¬ 
rection, hence most of the lower fluctuants, excepting the lowest ones, in 
combination with a normal X chromosome of the wild species are unable to 
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depress the total sum of potencies so much as to let it pass over the thresh¬ 
old value and effect sex reversal. 

The fluctuation of the X chromosome in our breed, in my view, would 
have taken place at first in one of two X chromosomes, and on account of 
many years’ close inbreeding all colored varieties in our breeds came to 
get two fluctuating X chromosomes, whereupon some females which hap¬ 
pened to carry two lower X chromosomes were first detected as the sex- 
reversed ones. By constant breeding of the sex-reversed males selected out 
from the litters where their number is high, the fluctuation of X chromo¬ 
some may be shifted further in the negative direction, so that the number 
of the male offspring will be increased. The matings in table 5 are the re¬ 
sults of such processes, where the excess of males may be found. 

Probably the fluctuation of the X chromosome might be influenced 
easily by outer conditions, and the difference of the rate of male production 
from the same parents in different seasons is to be explained as the effect 
of different climate. 

The fluctuation takes place in both directions either positive or negative, 
starting from normal value. The effect of the positive fluctuation cannot 
be recognized in the offspring of sex-reversed males crossed with normal 
females as then both parents carry X chromosomes only, and the increase 
in the potency of that chromosome results in nothing but to produce the 
females which are not different at all from the normal ones. 

The sex-reversed female of male genotype Xlt’ is to be explained as the 
effect of the increase in the total potency of X and Y chromosomes. When 
the total sum of potencies increases and passes over the threshold value to 
the female side, a female will be produced in spite of the male genotype. 
Whether this increase of potency is caused by the fluctuation occurring 
in the X chromosome only or in both X and Y is not yet fully decided. But 
even through the consideration of the fluctuation in the X chromosome 
only the fact is easily understood. The single X chromosome of extreme 
fluctuation on the positive side, which will very rarely occur, accompanied 
by a Y chromosome, may have sufficient total potency to excite the female 
genes only. The rarity of sex-reversed females favors this supposition. 

The experimental results of the sex reversal phenomenon in our fish 
are thus fairly explainable by the supposition that sex differentiation is due 
to differences in the total quantities of exciting factors in the sex chromo¬ 
somes, and the fluctuation of the potency of the X chromosome. 

Now to test how far this suppo.sition of sex differentiation is conform¬ 
able to the other facts about sex differentiation, I will try in the following 
to interpret some well known complex facts based on this supposition. 

The most perplexing facts are those of Goldschmidt’s intersexes and sex 
reversal in the hybrids between the different local races of Lymantria 
dispar. The results of the crosses designated as ‘"Basic” by him and the 
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crosses between the very weak and strong races (Goldschmidt 1934) can 
easily be interpreted on the basis of our hypothesis with an auxiliary one 
that the maternal cytoplasm influences slightly the potencies of sex chro¬ 
mosomes: the cytoplasm of the strong race strengthens and that of the 
weak weakens the potencies of sex chromosomes. 

To simplify the explanation we may assume schematically some num¬ 
bers for the potencies of sex chromosomes and the threshold value in dif¬ 
ferent races: 

Japanese or strong race. X20 Y40®*60, X20 X20*40, the threshold value*®52. 

European or weak race .X25 Y37 = 62, X25 X25*50, the threshold value “55. 

Very weak race. X26 Y50“56, X26 X26“52, the threshold value = 53. 

In the hybrids between these races of different potencies of X and Y 
chromosomes there will appear some individuals in which the total potency 
of sex chromosomes is enough large to excite one group of genes, either 
female or male, in the autosomes introduced from one parent, so that the 
corresiX)nding sexual characters will develop. For the sexual genes in 
another group of autosomes introduced from another parent it is at the 
threshold value or very near to it, so that some characters of both sexes 
may develop, and in such a case a female or male intersex will be produced. 
Sex reversal will be produced when the total potency of sex chromosomes 
passes over the threshold values in both parents to that side, male or 
female, which is opposite to the sexual constitution of the hybrid. 

In the next table the statements of Goldschmidt on the different crosses 
are cited in the first column and the respective interpretation for each cross 
is described in the second. The cytoplasmic influence is denoted by the 
number 2; when the female parent is from the strong race 2 is added, and 
when it is from the weak or very weak race 2 is subtracted from the total 
sum of potencies in each zygote. 

Table II 

InterpreUitions of Coldschmidt\s bask crosses and crosses between strong and very weak races 

of Lymantria dispar. 

jvAUTOBOMS fUBT rROM MPANSSB RACK 

e»>Ainoaoia srt frou buropban racb 
^ ">iirrBBaBX. llev»»BX rbvbrbal 

Y40XX25X25=X20X25, X25 Y40 
45+2=47 65+2=67 
cf 9 

2. E9XJcf«Ficf normal, 9 intersex X25 Y37XX20 X20=X25 X20, X20 Y37 

45-2=43 57-2=55 
cT j9, e<? 

3. (JXE)*=9 normal, up to i of their X25 Y40XX20 X25= 

number interaexual ^20 Y40, X25 Y40, X20 X25, X25 X25 

60+2 -62 65+2 =67 45+2 = 47 50+2 = 52 
9 9 (f* ecf. itf 
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J >«JAPA1«SBB ffTRONO RACK j » AlTTOdOME B1BT WmU JAPANMR RACK 

E-*KQROPKAN WKAK RACK 6« AUTOSOMK 8BT PROM lUROPRAN RACK 

^ «1NTKR8RX. Rev a-BlX R1 VERBAL 


3a. (JXE) X (E X J) * exactly like No. 3 

4. (EXJ)**« cT normal, 9 J normal and § in- 
tersexuals 

4a. (EXJ)X(JXE)*exactly like No. 4 
3. JX(JXE), JX(EXJ): always normal 

6. EX(JXE),EX(EXJ): exactly like FtNo. 
4, namely males normal, females i normal, 
4 intersexual 

7a. (J X E) X J * all normal 

7b. (JXE)XE= 9 normal, d" all intersexual 

8a. (EXJ)Xj«all d* normal, 9 intersexual 

8b. (EXJ)XE*all normal 

a. Very weak 9 X Strong cf — only d 

b. Strong 9 X Very weak cT** normal 

c. Very weak 9 XFi d from b*3c?’:l 9 

d. (Strong 9 X Very weak 2 9,1 cf, 19 

by sex-rev. (hardly viable) 

c. (Strong 9 XVery weak d) 9 XVery weak 
wonly 9 


X25Y40XX25X20- 
X20Y40, X25 Y40 X20 X25 X25 X25 
60+2 * 62 65+ 2 * 67 45+2 * 47 50+ 2 * 52 
9 9 d ed/}^ 

X20 Y37XX20 X25* 

X20 X20, X20, X25, X25 V37, X20 Y37 
40-2*38 45-2*43 62-2*60 57-2*55 
d d 9 j9,e^ 

X20 Y37XX25 X20*same as No. 4 
X20 Y40XX20 X25* 

X20 X20, X20 X25, X20 Y40, X25 V40 
40+2*42 45+2*47 60+2*62 65+2-67 
cf’ d" 9 9 

X25 Y.^7XX20 X25* 

X20X25, X25 X25, X25 V.17, X20 Y.17 

45- 2*43 .^0-2*48 62-2*60 57-2*55 

d d 9 j9,c? 

X25 Y40XX20 X20-X25 X20, X20 V40 
45+2*47 60+2*62 
d 9 

X25 Y40XX25 X25-X25 V40, X25 X25 
65+2*67 50+2-.S2 
9 ed",j(? 

X20 Y37XX20 X20*X20 X20, X20 Y37 
40-2*38 .S7-2-55 
d 

X20 Y37XX25 X25-X20 X25, X25 Y37 

45- 2*43 62-2*60 

d 9 

X26 Y.30XX20 X20-X20 X26, X20 Y30 

46- 2*44 .50-2*48 

d Revd' 

X20Y40XX26X26*X20X26, X26 Y40 
46+2 * 48 66+2 * 68 
d' 9 

X26 Y30, X20 X26- 

X20X26, X20Y30, X26X26, X26 Y30 

46- 2*44 50-2*48 52-2*50 56-^2*54 

d Rev d d 9 

X26 Y40XX20 X26* 

X26X20, X20Y40, X26 X26, X26 Y40 
46+2 * 48 60+2 * 62 52+ 2 - 54 66+2 - 68 
d 9 Rev 9 9 

X26 Y40XX26 X26-X26 X26, X26 Y40 
52 +2 - 54 66+2 - 68 
Rev 9 9 
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The appearance of abnormal sex in D, melanogaster (Bridges 1922, 
1925) may also be elucidated on the basis of our present supposition. 
The triploid intersex carries triploid autosomes and two X chromosomes 
(3A, 2X). The total of the potencies of two X chromosomes may be here 
considered to be equal or very near to the threshold value for three sets of 
autosomes, and consequently both sexual characters are revealed. The 
super-female (2A, 3X) and male (3A, X) arc considered to be caused by 
extremely excessive and scanty quantities of the exciting factor respec¬ 
tively, of which the sterility is the result. 

In bees and many other Hymenoptera the diploid egg develops into a 
female and the haploid into a male. These facts are intelligible when we 
assume a cytoplasmic influence upon the potencies of sex chromosomes. 
We suppose that the cytoplasm in Hymenoptera resists the exciting action 
of sex chromosomes and weakens it somewhat. In a diploid egg the sum of 
the potencies of two sex chromosomes, 2x, decreased by the quantity c, 
the cytoplasmic resistance, i.e. 2x-c, might still be greater than the thresh¬ 
old value for two sets of autosomes, and stimulate the female genes to 
their activity, while in the haploid form x-c is less than the threshold 
value for one set of autosomes, and the male genes only will be excited. 

Thus the hypothesis of quantitative differences in the degree of sensi¬ 
tivity of the male and female sexual genes in autosomes and corresix)nding 
differences in the potencies of sex chromosomes in different sexes explains 
well many complex facts of sex differentiation, and I think that it i^* the 
general mode of sex differentiation. 

Through this hypothesis the phylogenetic relationship among the her¬ 
maphrodite, rudimentary hermaphrodite (Kosswig 193\, Witschi 1929) 
and the gonochorist may be well cleared up. In the hermaphrodite the 
sensitivity of male and female genes to stimulating action is equal, and all 
of them are consequently excited to the same degree. In the rudimentary 
hermaphrodite, however, the sensitivity of sexual genes and the corre¬ 
sponding total potency of sex chromosomes is different in male and female 
sexes but this difference is small and the total potency of sex chromosomes 
in each sex draws very near to the threshold value. In such animals some 
slight influence of outer or inner conditions will induce the disturbance of 
sex differentiation, sex reversal or intersexuality being easily produced. In 
the gonochorist this difference is so great that normally any condition is 
unable to cause such sexual disturbances. 

The three sexual types i.e., Protenor 9XXc?*XO, Drosophila 9XX- 
cf’XY and Abraxas type 9XYcf‘XX show according to our hypothesis 
only the differences in respect to the accumulation of stimulating genes 
in two sex chromosomes. In the Protenor type all genes are contained in 
the X chromosome only and in the latter two types they are distributed 
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between two chromosomes X and Y, In the Drosophila type the X chro¬ 
mosome carries a greater number of genes than Y, and in the Abraxas 
type on the contrary the Y chromosome is greater in its potency than the 
X. Crossing over of the stimulating genes, if possible, might produce one 
type from another. The difficulty that opposite types of sex determination 
appear in very nearly related species, for example, the Drosophila type in 
Lebistes and the Abraxas type in Platypoecilus may thus be easily ex¬ 
plained. 

SUMMARY 

Further breeding investigations on the abnormal males of Aplocheilus 
latipes, which were assumed in my former paper (1927) to be the products 
of non-disjunction of the sex chromosomes are described. 1'hese males 
produce in crosses with normal females offspring in which the number of 
females always exceeds that of males in varying ratios. 

The sex ratios in these offspring vary according to the individualities 
of male and female parents. The different males from the same litter yield 
offspring of different sex ratios, and also the different females mated to the 
same male produce offspring of varying sex ratio. 

Temperature influences the sex ratio which may differ in the offspring 
of the same parents produced early in the year or during mid-summer. 
Generally under a hotter climate the number of male offspring is greater 
than under a colder one. 

By continued breeding of males selected out from the litters with high 
ratios of males the number of males increases until eventually some males 
are obtained whose male offspring far exceed the females in number. 'I'his 
fact denies the supposition of non-disjunction as accounting for the origin 
of abnormal males, so that it must be discarded and the alternative of 
sex reversal adopted. 

The sex-reversed female of male genotype XY was found. It produced 
in crosses with normal males female and male offspring in the ratio of 1:3. 
One-third of its male offspring were males of the constitution YY, and 
these produced only male offspring. 

For the interpretation of these results a new hypothesis of sex differ¬ 
entiation is proposed. The female and male primary sexual characters 
have all their own respective corresponding genes; these are distributed in 
the autosomes, and are set into activity by a certain amount of stimulating 
genes. The degree of sensitivity of female and male genes to the stimulating 
genes is various, and the female genes require a greater amount of stimula¬ 
tion than the male genes to become active. Sex differentiation is caused by 
differences in quantity of the stimulating genes. When the difference is 
great the female genes alone are activated and the action of male genes 
suppressed, while if it is small just the reverse takes place. Between these 



SEX REVERSAL IN APLOCHEILUS 


153 


two quantities is a threshold value, above or below which the female or 
male genes are stimulated to produce female or male respectively. The 
genes of stimulation in the gonochorist are located in the sex chromosomes, 
and the total stimulating capacity or potency is greater in female sex 
chromosomes than in male ones. 

Sex reversal in our fish and the differences in the sex ratios among the 
offspring of sex-reversed males are explained by the fluctuation of the 
stimulating power or potency of the X chromosome. 

Other abnormal facts of sex differentiation are explained on the basis of 
our present hypothesis. 
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THE PROBLEM 

A C'CORDING to the theory of the chiasmatype as originally formu- 
lated by Janssens 0909), interchange between homologous chromo¬ 
somes takes place when each is already split longitudinally, but at any 
level only two of the four strands exchange parts. It was pointed out by 
Mui-lek (1916) and Bridges (1916) that the theory could be demon¬ 
strated genetically if it could be shown that in eggs which have retained 
two maternal strands, one strand may be a crossover and the other a 
non-crossover, or both crossovers but not at the same level. Such indi¬ 
viduals were obtained by Muller and Bridges; and although in these 
cases there was, as Muller pointed out, the possibility that the extra 
strands had arisen by non-disjunction prior to maturation, the correctness 
of Janssens’s theory has since been demonstrated by the regular occur¬ 
rence of such individuals in races with attached X’s or high non-disjunc¬ 
tion and in triploids (Anderson 1925b, Bridges and Anderson 1925, 
L. V. Morgan 1925, Redfield 1930, Sturtevant 1931). 

If crossing over occurred at a two-strand stage, each chromatid would 
be identical with one of the other chromatids of the tetrad and the com¬ 
plement of the remaining two; hence the enumeration of the strands and 
the determination of how they are combined in the tetrad would be a 
simple matter. In four-strand crossing over, the strands recovered are 
presumably still a random sample of all the strands; but there are two 
complications. (1) Each of the missing strands is not necessarily either 
identical with or the complement of the strand recovered. (2) There is 
the possibility that crossing over may have occurred between sister strands; 
and this would not be directly detectable. 

A complete theory of crossing over must take into account the missing 
strands in each tetrad and the unrecognizable crossings over. At first 

‘ This investigation was aided by a grant from the Bache Fund of the National Academy of 
Sciences. 
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sight this may seem like a search for the substance of things hoped for, 
the evidence of things not seen; nevertheless the nature of the strands 
and tetrads can be deduced by calculation from the experimental data. 

MATHEMATICAL METHOD 

Definitions 

Rank. The number of levels at which crossing over occurs in a strand 
or tetrad will be termed its rank. Non-crossovers are of rank 0, singles of 
rank 1, and so forth. 



ABC 


Figure 1. Types of single crossing over. A, lateral, involving homologous strands; 11, lateral, 
involving sister strands; C, diagonal, involving homologous strands. 

Types of single crossing over. A distinction must be made between homolo¬ 
gous and sister-strand crossing over; also between lateral and diagonal 
crossing over if the strands of a tetrad are arranged along the edges of a 
quadrilateral prism (figure 1). 

Types of multiple crossing over. In tetrads of rank 2, crossing over will 
be termed regressive, progressive, or digressive according to whether both 
or one or neither of the strands that cross over at the first level is involved 
in the crossing over at the second level (figure 2). A tetrad of higher rank 
than 2 may be mixed in type. In figure 3 are shown the various types of 
tetrads of ranks 2 and 3, but no distinction is made between lateral and 
diagonal crossing over. 

A tetrad can give rise to strands of its own rank or of lower ranks but 
not to strands of higher rank. The rank of an emerging strand may however 
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be greater than the number of levels at which any one of the original 
strands that enter the tetrad crosses over (figure 3, tetrad G6). 

Association of chromatids. Completely random association of chromatids 
in crossing over implies (1) that at any given level any two chromatids 
of a tetrad are equally likely to cross over (this may be termed random 
local association, or random occurrence of crossing over); (2) that the two 
chromatids which cross over at one level do not determine which shall 
cross over at other levels (random recurrence of crossing over). 




Figure 2. Types of double crossinR over A, regressive, B, progressive; C, digressive 


We shall first work out the theory of crossing over for completely ran¬ 
dom association; and then generalize it for cases where either occurrence, 
or recurrence, or both are not random. 

Case 1. Recurrence random, chance of detecting crossing over constant. 

A. Random occurrence (free sister-strand crossing over) 

A tetrad of rank 0 can give rise only to non-crossover strands. In a 
tetrad of rank 1, half the strands will be crossovers and half non-cross¬ 
overs, so that the chance of obtaining a strand of rank 1 will be 1/2, if 
elimination into polar bodies is a random matter. But not all the cross¬ 
over strands will be recognizable as such: those resulting from crossing 
over between sister strands will remain unaltered. Since on a random 
basis one-third of the exchanges at a given level will be between sister 
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Figure 3. Types of double and triple crossing over. In the uppermost horizontal row (marked 
0) are shown the types of tetrads of rank 2; the figure beneath each tetrad indicates its relative 
frequency. Beneath each tetrad of rank 2 are shown (rows 1~6) the tetrads that result when cross- 
ing over occurs in a third region. The numeral under each tetrad of rank 3 indicates its relative 
frequency among tetrads of rank 3 in the same vertical column; its frequency among all tetrads 
rank 3 is the product of this number by the frequency of the tetrad of rank 2 from which 
it is derived. Where no number is indicated, 1 is understood. All frequencies in this figure are 
based on the assumption of random occurrence and recurrence. 
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strands, only the other two-thirds will be recognizable. Hence the chance 
that a tetrad of rank 1 will give rise to a chromatid recognizable as a 
single crossover will be 1/2-2/3= 1/3; that is, the observed frequency of 
crossing over in any region short enough to have only one crossing over 
at a time will be one-third of the true frequency. 

If recurrence is random, the chances of detecting crossing over at dif¬ 
ferent levels are independent. Hence the chance that a tetrad of rank 2 
will result in an individual recognizable as a double crossover will be 
1/3 1/3 = 1/9; the chance that a tetrad of rank 3 will result in an indi¬ 
vidual recognizable as a triple crossover will be (1/3)* = 1/27; and in gen¬ 
eral the chance that a tetrad of rank r will result in an individual recogniza¬ 
ble as an r-ple crossover will be (1/3)'. 

The chance that a tetrad of rank 2 will result in an individual which is a 
recognizable crossover only in the first region is 1/3 2/3 = 2/9; and this 
is also the chance that the tetrad will give rise to an individual which is 
a recognizable crossover in the second region only. The chance that an 
individual will emerge which is a non-crossover or an apparent non-cross- 
over will be 2/3-2/3 = 4/9. 

Of strands derived from«tetrads of rank 3, those that are recognizable 
as triple crossovers will be (1/3)* = 1/27; those that are recognizable as 
crossovers in the first two regions only will be (1/3)* 2/3 = 2 '27, and this 
will also be the frequency of strands that are recognizable crossovers in 
regions 1 and 3 only, or in 2 and 3 only. The frequency of recognizable 
crossovers in region 1 only will be 1/3 (2/3)*; and this will also be the fre¬ 
quency of recognizable crossovers in region 2 only, or in region 3 only. 
Finally, the frequency of non-crossovers and apparent non-crossovers to¬ 
gether will be (2/3)* = 8/27. 

In general, if a tetrad is of rank r, the chance that it will give rise to 
a chromatid which is a recognizable crossover in some specified k of the r 
regions will be (1/3)"' (2/3)'"''. 

By this method we can deduce from a set of crossover data the fre¬ 
quencies of tetrads of different classes. In table 1, the experimental data 
in the first line arc taken from a cross of Bridges (cited by Weinstein 
1918). Since each individual must have been derived from a tetrad of at 
least its own rank, the triples must be derived from tetrads of rank 3; for 
there were probably no tetrads of higher rank, because each of the three 
regions is too short to allow more than single crossing over within 
itself. 

The one triple in the experimental data must represent 27 tetrads of 
rank 3. These tetrads must have produced in addition to the 1 triple, 2 in¬ 
dividuals in each of the three rank-2 classes, 4 individuals in each class 
of rank 1, and 8 non-crossovers. If we subtract each of these from the total 



MULTIPLE-STRAND CROSSING OVER l6l 

in the corresponding class, the remainder represents those individuals in 
that class derived from tetrads of rank lower than 

We now turn to the 2, 3 class. The remainder in this class must be de¬ 
rived trom tetrads that were crossovers in regions 2 and 3 only. From 
these tetrads emerged 41 individuals of class 2, 3; 82 that were cross¬ 
overs in region 3 only, 82 that were crossovers in region 2 only, and 164 
non-crossovers. In a similar way, we can calculate the individuals de¬ 
rived from the 1,3 and the 1, 2 tetrads; and if we subtract all the individu¬ 
als derived from tetrads of rank 2, the remainders represent the individu¬ 
als derived from tetrads of lower ranks. The individuals in each crossover 
class of rank 1 constitute only 1/3 of those derived from the tetrads of the 
same class; the other 2/3 mu.st have been non-crossovers and must be 
subtracted from the observed non-crossovers. 


Tabi» 1 

Frequemie^ of tetrads calculated for random association including liister-itrand crossing over 


KKGUJ.N8 Ol' (iiONSIVO 


0 

1 

:• 


12 



123 

()bser\ ed fre(|uencics 

Frequencies and dislnlnititui of 

telratls 

W27 

1949 

1664 

1651 

88 

207 

43 

1 

of rank d 


s 

4 

4 

4 

2 

2 

2 

/ 

Kemainder.s 


W19 

1945 

1660 

1647 

86 

205 

41 


Frequencies and tlistribution of 

tetrads 

164 


82 

82 



41 


of rank 2 


820 

410 


410 


205 





344 

172 

172 


S6 




Kemainders 


8591 

1363 

1406 

1155 





Frequencies and distribution of 

tetrads 

2310 



1155 





of rank 1 


2812 


1406 








2726 

13o3 







Kemainder 


743 








C’orrecletl frequencies cf tetrads 


743 

40S9 

4218 

3465 

774 

1845 
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27 


Thus we arrive at the italicized figures along the diagonal, which give 
the number of individuals of each class derived from tetrads of the same 
class. 

These frequencies however are not the frequencies of the tetrads of each 
class; for, as we have seen, in a tetrad of rank r, only (1/3)^ of the emerging 
strands are of the same rank, r. Hence it is necessary to multiply the re¬ 
mainder in each single crossover class by 3, in each double crossover class 
by 9, in each triple crossover class by 27. The results, in the lowest hori¬ 
zontal line, give the true number of tetrads in each class on the assumption 
of random occurrence and recurrence with sister-strand crossing over. 
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B. No sister-strand crossing over 

If we assume that there is no crossing over between sister strands but 
that otherwise association of strands is random, crossing over may occur 
in one of four ways at any level (ab, ab', a'b, a'b', where a is the sister 
strand of a' and b of b')- The chance that the strand recovered is a cross¬ 
over is 1/2, and this is also the chance of detecting the crossing over at 
that level in the tetrad, since every crossing over is recognizable once it is 
obtained. 

Of the strands derived from a tetrad of rank r, those that are also of 
rank r will be (1/2)'’, those that are crossovers in any (r —1) specified re¬ 
gions will be (1/2)'"' • 1/2, and so forth. In general the chance that a tetrad 
of rank r will give rise to a strand which is a crossover in some specified k 
of the r regions will be (l/2)'‘ (l/2)'~'‘ = (l/2)‘'. That is, all the classes 
derived from tetrads of a given kind occur with equal frequency; since 
the frequency is independent of k, the number of regions in which the 
strands are crossovers. 

This procedure is illustrated in table 2. 

Table 2 

Frequencies of tetrads calculated for random association without sister-strand crossing over. 
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The remainder in each class will now have to be multiplied by 2% 
where r is the rank of the class, to give the number of tetrads of that 
class. 

C. The general case 

It is conceivable that sister chromatids cross over with a frequency 
which differs from what it would be on a random basis but is not 0. The 
chance of detecting a crossing over in a region would then be neither 1/3 
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nor 1/2; let it be designated by p. Then if p has the same value in every 
region of the chromosome, the frequencies of tetrads can still be calculated 
by the method explained above. 

A formula for this procedure can be derived as follows. 

Let the chromosome be divided into regions so short that no crossing 
over of rank higher than 1 occurs within each. Let ao, ai, as, • • • a„ be the 
observed frequencies of individuals that are crossovers in 0, 1, 2, • • • n 
regions. It should be noted that each subscript represents the cardinal 
number of crossings over, not the ordinal number of the region in which 
crossing over takes place. Let Xo, Xi, Xs, ■ x„ represent the number of 
tetrads that are crossovers in 0, 1, 2, • • • n regions. 

The chance that a tetrad of rank r will give rise to a strand which is a 
crossover in some specified k of these r regions is p** (1 — p)'“*‘, or p'‘ q'^“‘‘ 
where q = 1 — p. The number of ways in which these k regions can be speci¬ 
fied is [r(r—l)(r —2) • ■ • (r—k-fl)]/(l-2-3- • • • k). Hence the total 
chance of obtaining a crossover strand of rank k from a tetrad of rank r 
is the product of these two expressions. 


We can now form the following equations. 

ao = Xo-f-qxi-|- q*xj-|- q’xj-|- q^Xi-f- q%-|- 

• 4- q"x„ 

ai = 

pxi-f 2pqxj-l-.?pq*X34- 4pq*X4-f .Spq^xo-l- • • 

• + npq"- ‘ x„ 

32 = 

p*X8-f-3p*qx3-|-6p*q*X4-t-10p*q’x3-f • 

• + C2"p*q"“’x„ 

as* 

p’xj-f 4p*qx,-t-10p’q’x6-l- ■ 

• -1- C3"p’q"~*x„ 

a4 == 

p^X4-f 5p*qxo-l- • 

-1- C4"p<q"~*x„ 

35 = 

p'xo -f • ■ 

-1- Co"p‘q''-‘x„ 

a„ = 


P"Xn 


In these (n-l-1) equations there are (n-fl) unknowns, the x’s; for the 
a’s are observed frequencies and p is determined by the assumptions as to 
the chance of detecting a crossing over within a region. Hence if the equa¬ 
tions are solved simultaneously, the x’s can be evaluated. 

But the value of Xo can be obtained without sohdng for the other x’s. 
For if the equations arc multiplied respectively by 1, -q/p, qVp®, 
~qVp®. • • • (-q/p)"? and then added together, the coefficients of every 
X except Xo will add up to 0. Hence 

In this procedure ao has been used to represent the frequency of the 
non-crossovers. But it may be used for the frequency of any class; for ex- 
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ample, the crossovers in region 1, or the crossovers in regions 1 and 3, 
provided that the classes which are, not crossovers in these regions are ex¬ 
cluded. Then in the data so selected, ai, aj, as, • • • a„ represent the fre¬ 
quencies of the classes that are crossovers in the same region or regions as 
the ao class and in 1, 2,3, • • • n additional regions; and Xo, xi, xa, Xs, • • • x„ 
are the frequencies of the tetrads which are crossovers in the same regions 
as the ao class and in 0, 1, 2, 3, • • • n additional regions. 

The solution for xo will now give the number of tetrads of any specified 
class that gave rise to strands of the same class. But (unless this class is 
the non-crossovers) Xn is not the total number of tetrads of the class; for 
there must have been others that gave rise to strands of lower rank and 
these have been excluded from the calculations. Since the proportion of 
tetrads of rank r that give rise to strands of the same rank is p', it is neces¬ 
sary to multiply xo by l/p*^ to get the number of all the tetrads of the class 
in question. This frequency is therefore 



where ao is the observed frequency of the class in question, and a,, aj, 
as, • ■ • an the observed frequencies of classes of additional rank 1, 2, 
3, • • • n (Weinstein 1928, 1932a). 

For random occurrence and recurrence with sister strand crossing over, 
p = l/3 and the formula becomes 

X = 3'^xo = 3"^[ao—2ai-l-4aj—8aa-l- • • ■ -|-(~2)''a„]. (2a) 

If sister-strand crossing over is entirely excluded but occurrence and 
recurrence are otherwise random p = 1/2 and the formula becomes 

X = 2% = 2'[ao-ai-fa!-a,-l- • • ■ -t-(-l)"a„l. (2b) 

Case 2. Recurrence random, chance of detecting crossing over variable. 

In case 1, it was assumed that p, the chance of detecting crossing over, 
is the same for all regions. It is theoretically possible however that the 
chance is not invariant, for sister chromatids might cross over in some re¬ 
gions and not in others, or more frequently in some regions than in others. 
Such differences might be caused by local conditions like proximity to the 



MULTIPLE-STRAND CROSSING OVER 165 

end of the chromosome or to the spindle fibre or to inert regions or perhaps 
to particular genes. 

In such cases we may designate the chance of detecting crossing over 
in regions 1, 2, 3, • • • n as p,, pa, p.-,, • • • p„. Let qi-l-pi, q 2 = l-“P 2 , 
q3 = l -p;<, • • • q,.^! “p„. 

If recurrence is random, the chance that a tetrad of rank r will give rise 
to a strand which is a crossover in some specified k of the r regions is the 
product of the p’s for the k regions and the q’s for the remaining regions. 
I'hus the chance that a tetrad which is a crossover in regions 1, 2, and 3 
will give rise to a strand which is a crossover only in regions 1 and 3 is 
Pi P3 q2. 

The frequencies of tetrads can now be calculated as in table 3. 


Tvbli* 3 

Frequencies of tetrad^ calculated for random association except that sister strands cross over only 

in region 1 
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3345 
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2392 
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A formula for this procedure can also be deduced. 

Let the observed frequency of tlie non-crossovers be represented by bo; 
of the singles by bi, bj, bj, • • • b„; of the doubles by bi2, bl3, • ‘ • b23, 
b 24 , • • ’ b34, • ‘ • b(n~-i)n; and similarly for the remaining classes. Each sub¬ 
script now represents not, as before, the cardinal number of crossings over, 
but the ordinal numbers of the regions in which crossing over occurs. The 
frequencies of tetrads of various classes can be denoted by y with corre¬ 
sponding subscripts; thus yo is the frequency of non-crossover tetrads, yi of 
tetrads that are crossovers in region 1 only, and so forth. 

We can now form a set of equations analogous to those in case 1, For 
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the sake of simplicity the equations will be given for only three regions; 
but the method is applicable to any number of regions. 


bo = yo+qiyi4-q»yj+q3yj+qiq»yi*+qjq3yw+qsq3y»s+q«q»q»yi*a 
bi = Piyi d-piqjyis+piqsyis +Piq3q3ym 

b» = pjys +pjqiyi2 +Psqsy33+P*qiq3yu3 

bs =* Psys +P3qiyi8+P3q3y38+P3qiq3yi3s 

bis = PiP*yi* +PiP»qsyis3 

bi3 = PiPsyis +PiP3qsyiM 

bts = PtP3ys3+p»P8qiym 

bit3= PiPtPsyws 


These equations can now be solved for the y’s. But again it is possible to 
obtain the value of yo without solving for the other y’s; for if the equations 
are multiplied respectively by 


^ qi qs qs qiqs qiqs qsqa qiq»q8 

Pi ps P3 PiPs PiP3 PsPs PiP*Ps 

and then added together, the coefficients of the y’s in every column, ex¬ 
cept yo will add up to 0. Hence 


yo 


= bo - (-b,-|--bs-f-bsW 
\Pl P3 P3 / \ 


qiq*. , qiqs 

-b,s-)-bis- 


PlPS 


PlPo 


q^qj 

P 2 P 3 


b*3 


(3) 


qiqtqa. 

-bits- 

PlPsP3 


If the bo class is of rank 0, then yo is the number of non-crossover tetrads. 
But as in case 1, the method can be applied to part of the data; then bo 
is the frequency of a crossover class and yo is the number of tetrads of this 
class that gave rise to chromatids of the same class. Hence yo must be 
divided by the product of the p’s for the regions in which the class is a 
crossover. These regions are not any of those numbered from 1 to 3, for 
the bo or yo class is not a crossover in 1 or 2 or 3. Hence the regions in which 
the class is a crossover can be numbered separately from 1 to r, where r 
is the rank of the class. The chance of detecting crossing over in each of 
these r regions may be denoted by p' with the proper subscript; and the 
total number of tetrads of the class now becomes 


X 


1 

pi'pi'po' • • • p,' 


yo. 


( 4 ) 


If the equations had included n re^ons, the general formula for the 
number of tetrads of any class would be 
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X- .. r -;rbo-(— b,+—b,-f • • • +—b„) 

PlPsPa- Pr'L \pi P 2 Pn / 

, / u , . I , , , q(»-i)qn ^ \ 

-fl bij-f-— bi3+ ■ • • H-bs3+ • • • H-b(„_i)„ ) 

\PlPs PlPs PsPs P(n-l)Pll / 

qn, 1 

-D123.. II . 

P« j 


+ • • • +(-!)" 


qiQ2q3 • 


PiF>2P3 


(5) 


C ase J. Recurrence not random^ chance of delecting crossing over constant. 

The frequencies of regressive, progressive, and digressive crossing over 
are not necessarily determined by chance alone: it is conceivable that they 
may vary with the nature of the crossings over (whether homologous or 
sister strand, lateral or diagonal), with their distance apart, and with the 
particular regions involved. They might also depend on other crossings 
over: their number, their distance away, the regions in which they occur, 
and their nature (including now not only whether they are homologous or 
sister-strand, and lateral or diagonal, but also whether they are regressive, 
progressive, or digressive with respect to the crossings over under con¬ 
sideration). 

In making a table like tables 1 and 2, we may therefore subdivide each 
class of tetrad into its different types (such as are shown in figure 3) and 
distribute separately the chromatids emerging from each type. 

If W'hen we are considering tetrads of a given class w^e add together all 
the emerging strands that are crossovers in some specified k of the r re¬ 
gions, the proportion of such strands is no longer p" The ratio of the 
actual proportion to the proportion expected on random recurrence may 
be designated by t; its value will in the most general case vary with the 
regions of crossing over in the tetrad and in the emerging chromatid; 
these regions may therefore be indicated by numerical subscripts, positive 
if the crossing over of the tetrad appears in the chromatid, negative if it 
does not. For example, the chance that a tetrad which is a crossover in 
regions 1, 2, and 3 will give rise to a chromatid which is a crossover in 
regions 1 and 3 only may be written as ti^2+3 p^ q« 

In a table like table 1 the proper value of t will enter into the frequency 
of each class if recurrence is not random; for example, the distribution of 
tetrads of rank 3 will be as follows: 

Regions of crossing over 0 I 2 3 12 13 23 123 

Frequencies and distri¬ 
bution of tetrads of 

rank 3 8t«i«»-j 4 t-.i +*_8 4 t-.i.- 8 +s 2ti+2-3 2ti-^+.s t|+s+3 

The Xo values (the figures on the diagonal) for classes of rank 2 or more 
must be divided not merely by pf but by the product of p' and the ap- 
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propriate t: the remainder in the 123 column must be divided by ti+ 2 +jp®, 
that in the 23 column by ts+sp*, and so on. 

The t’s will also enter into the equations corresponding to those on page 
163; this will be considered in connection with the next case. The general 
formula derived from the equations will now be more complicated; but if 
ranks above 2 are absent, the frequency of tetrads of rank 0 is 

q ti_*+t_i+ 2 -t_i _2 q* 

yo = ao-aiH-- a2. (6) 

P t,+2 

Case 4. Recurrence not random, chance of detecting crossing over variable. 

The same considerations apply to this case as to case 3 and the t fac¬ 
tors enter into it in the same way. Thus the chance that a tetrad of rank 3 
will give rise to a strand which is a recognizable crossover in regions 1 and 3 
only will be ti_2+3PiP3q2- 

With non-random recurrence, the distribution of tetrads of rank 3 in 
table 3 would be as follows: 

Regions of crossing over 0 1 2 3 12 U 23 123 

Frequencies and distri¬ 
bution of tetrads of 

rank 3 2t_i_2-3 2t_i+2-.j 2t-i-;^5 ti^i_3 ti-a^-s 2t-_i+a^.j 

and each Xo value must be divided by the product of pi'p 2 ^ • • Pr' and the 
appropriate t. 

The equations on page 166 will now’ become as follows. 


b, - 

Piyi -f ti.aPiqayn "f ti-aPiqayis 

-f- ti -aPiqaqay la 

b. - 

Paya -ft-i^apacuyw 

-f’U.apaq*y23 -f't-i+.a-alJaqiqsyia 

b, = 

Pays 4't.i^jp*qiyi»+t -a^-aPiClaya-ft™] .a^aPiqiqtyia 

bi2 =s 

ti^aPiPayw 

■f li+a-apip*qiym 

bi,« 

ti^PiPsyis 

-f ti-2-npiP«qayiw 

ba s® 


WaI>2P*yM “ht i^.2f-ap*P3qiym 

bia=» 


ti^-s^-apipiPayitt 


The formula for yo is now still more complicated; but if crossovers of 
ranks above 2 are absent or neglected, 

yo = bo-(-b.-f-b 2 + • • • +-b..) 

Vpi P2 Pa / 

ti_2+t-j+2-~ t.^1-2 qiq2 1-1-3 qiq3 , 

^ -- 

M-l -2 P 1 P 2 tl4.3 plPs 

I ^(n-l)-n“f't_»(n— 1> q(n—l)qn ^ 

* i --b(n--l)n- 

t(n-l)+n pCn-^DPii 

In this formula, as in the equations from which it is derived, y© and b© 
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represent respectively the number of tetrads and of chromatids of rank 0. 
If bo is used for a class of higher rank, the equations must be modified by 
omitting every term in which the y is not a crossover in at least the same 
regions as the bo class. The y’s can then be renumbered so that the class 
of lowest rank is yo, and a general formula can be derived as in cases 1 
and 2. This, however, is complicated; and the frequencies of tetrads of 
classes ranking above 0 can be obtained by solving for the y’s in the equa¬ 
tions as they stand. 


The frequency of chromatids 

The observed frequency of any class includes of course only the chro¬ 
matids that are homologous-strano crossovers in the specified regions. The 
true frequency of chromatids of the class would include sister-strand cross¬ 
overs as well. 

The relations between tetrad frequencies and true frequencies of chro¬ 
matids arc given by the sets of equations on pages 163, 166, and 168, and 
by equations 1-7 if the x’s and y’s retain their original meanings, but in 
the definitions of the a’s, b’s, p's, and t’s the true frequencies of chromatids 
are substituted for the observed frequencies. The value of p will now vary 
from 1/2 when at any level of crossing over only two strands are involved 
to 1 when four strands are always involved in pairs. 

The sets of equations on pages 163, 166, and 168, and equations 1 -7 also 
express the relations between the observed and the true frequencies', of 
chromatids if the a’s and b’s denote observed frequencies, the x’s and y’s 
the true frequencies of chromatids (not of tetrads), if each p denotes what 
proportion of exchanges are between homologous strands, and if the t’s 
are modified accordingly (Weinstein 1928, 1932a). 

Each p as originally defined is of course the product of the p’s of the 
two preceding paragraphs. 


ORDINARY diploids 

The results of applying the multiple-strand method to ordinary diploids 
are illustrated in tables 4 and 8. 

Table 4 is based on a cross involving almost the entire length of the 
X chromosome of Drosophila melanogaster {sc ec cv ct v gf). The experi¬ 
mental data (column A) comprise 28239 individuals, including 24034 from 
Bridges and Olbrycht (1926),2047 from Anderson (1925a,table IV), and 
2158 from an experiment (hitherto unpublished) by the writer. In the other 
columns are given tetrad frequencies calculated on the assumption of ran¬ 
dom recurrence for various values of p. The column headed p==l/2 is 
based on the assumption that sister chromatids do not cross over (formula 
2b); that headed p «1/3 on the assumption that they cross over as freely 
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Table 4 


Crossing over involving sc ec cv civ gf (2S239 individuals). 
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1233 

1188 

36 

212 

463 

800 

792 

800 

1200 

1170 

1140 

1710 

45 

123 

262 

440 

400 

392 

392 

588 

882 

873 

46 

315 

674 

1136 

1076 

1036 

1016 

1524 

1518 

2277 

56 

59 

124 

204 

200 

196 

176 

172 

258 

387 

123 

3 

7 

8 

12 

18 

27 



-27 

124 

1 

2 




-18 

-27 

-27 

-27 

126 

2 

5 

8 

12 

18 





134 


-2 

-8 

-12 

-24 

-36 

-54 

-54 

-54 

135 

3 

10 

24 

36 

36 

54 

54 

81 

81 

136 

3 

8 

16 

24 

12 

18 

18 

18 

27 

145 

10 

34 

80 

120 

120 

120 

180 

270 

270 

146 

15 

51 

120 

180 

180 

180 

270 

270 

405 

156 

1 

3 

8 

12 

12 

12 

12 

18 

27 

234 

1 

2 


-8 

-12 

-18 

-27 

-27 

-27 

236 


-2 

-8 

-16 

-24 

-36 

-36 

-36 

-54 

245 

2 

7 

16 

16 

24 

24 

36 

54 

54 

246 

10 

34 

80 

80 

120 

120 

180 

180 

270 

256 

1 

3 

8 

8 

12 

12 

12 

18 

27 

346 

5 

17 

40 

40 

40 

60 

90 

90 

135 

356 

5 

17 

40 

40 

40 

60 

60 

90 

135 

456 

1 

3 

8 

8 

8 

8 

12 

18 

27 

1234 

1 

5 

16 

24 

36 

54 

81 

81 

81 

1236 

1 

5 

16 

24 

36 

54 

54 

54 

81 


t In tlw p»»2/3 column^ the only one in which fractional values occur^ they are given to the 
nearest unit. The values in the p*»2/3 column also represent the true frequencies of chromatids 
when p«* 1/3. 

* From BnzoGES and OlbeVcht 1926, Anpeksok 1925a, and Weikstein. 
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as other chromatids (formula 2a). In the latter column the frequency of 
the non-crossover class is negative; and since this is impossible, it follows 
that there cannot be random association of chromatids with free crossing 
over between sister strands. 

The results are of course subject to errors of sampling as well as errors 
due to differential viability and other causes. These errors may become 
exaggerated in the course of the calculations because the observed fre¬ 
quencies of the crossovers of higher rank are small and are multiplied by 
relatively large factors, so that slight differences may be magnified. For 
this reason the negative frequencies among the crossovers (they are all 
among the triples) are obviously not significant, for they would become 0 
or positive with small changes in tOe observed numbers of triples or quad¬ 
ruples, or in some cases if the quadruples were derived from tetrads of 
rank 5. 

The errors of sampling may be calculated by the formula for the stand¬ 
ard error of a function of several variables, which may be written 


E = 




dF\® /flFV /f»F\ 

''’Ha;:) 



where F is a function of the v’s, E its standard error, and the e’s are the 
standard errors of the respective v’s. This formula holds for all cases where 
the distribution of errors is Gaussian (Scarborough 1930, pp. 337-338). 
For F we may substitute the tetrad frequency X; and for the v’s we may 
substitute the a’s of formula 2 or 2a or 2b, or the b’s of formula 5. 

The frequency of the non-crossovers in the p = l/3 column is approxi¬ 
mately 20 times its standard error, which is 268. The result cannot there¬ 
fore be due to errors of sampling. Nor can it be due to differential viability, 
for viability was good in the experiments on which the calculations are 
based. 

We may conclude that sister strands do not cross over as freely as homolo¬ 
gous strands if the association of chromatids in crossing over is otherwise 
random. It does not follow however that they do not cross over at all: 
they might cross over only in some regions, or throughout the chromosome 
but to a smaller extent than homologous strands. 

To test the first of these alternatives, tetrad frequencies were calculated 
by means of formula 5 for p = 1/3 (free sister-strand crossing over) in some 
regions and p = 1/2 (no sister-strand crossing over) in others. The results 
are given in columns D-H of table 4. As sister-strand crossing over is re¬ 
stricted to a shorter and shorter region at the left of the X chromosome, 
the negative frequencies approach () and finally become positive. The nega¬ 
tive frequencies are from about 10 to about 20 times their standard errors, 
except -459, which is about 2.5 times its standard error. Thus it is shown 
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that free crossing over between sister chromatids, if it occurs at all, must 
be limited to a short region. This is not necessarily at the left end of the X, 
for the results are similar if we postulate sister-strand crossing over in 
other regions. 

There remains the possibility that recurrence is not random. This can 
be tested by seeing whether the relative frequencies of tetrads can be 
altered without changing the frequencies of strands as given by experi¬ 
ment. 

Table 5 

Frequencies of tetrads of ranks 0, /, and 2 and of strands derived front them, on the assumption of ran¬ 
dom association without sister-strand crossing over (^«//^). 


RANK AND TYI’F 

or TETRAD 

rRKQUBNCV 

or TETRAD 

N0N-CR08R0VKB8 

rRsquRNriEA or atrandr 

AINOLBS 

pnUBUK<» 

0 

1709 

170<; 



1 

17982 

1/2«8991 

1/2*8991 


1 

l/4»regressives 

2019 

1/2«1009.5 


1/2-1009.5 

1 /2 — progressives 4038 

l/4« 1009.5 

1 2-2019 

1/4-1009,5 

1/4— digressives 

2019 


2019 



Table 5 gives the frequencies of tetrads of ranks 0, 1, and 2 and of 
strands derived from them on the assumption of random association with¬ 
out sister-strand crossing over. The following equations indicate what com¬ 
binations of tetrads are equivalent with respect to the strands derived from 
them: 

1 non-crossover -+-1 digressive = 2 singles. (8) 

1 regressive -|-1 digressive = 2 progressives. (9) 

1 non-crossover -t-2 progressives = 1 regressive -|-2 singles. (10) 

Still other substitutions are possible if ranks above 2 are included; for ex¬ 
ample, 

1 single -(-1 regressive = 1 non-crossover -f 1 digressive 

(or regressive-digressive) of rank 5. (11) 

By a rank-3 digressive is meant a tetrad like D1 in figure 3; by a rank-3 
regressive-digressive is meant one like D2 or B2. 

In making these substitutions, it is necessary to consider the regions of 
crossing over, so that the proper classes and frequencies of strands may 
result; also in order to avoid digressives with two crossings over in the 
same region, unless it is desired to test the possibility of such digressives. 
The substitutions are also limited by the frequencies of tetrads to be re¬ 
placed; hence it follows that deviations from random recurrence will, if 
too great, lead to negative frequencies of tetrads. Nevertheless considera¬ 
ble deviations are possible without changes in the frequencies of strands; 
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but coincidence of tetrads will be altered, as will also the frequencies of 
progeny of attached X’s. These results will be considered below. 

Equations 8 and 11 hold when sister strands cross over freely; the other 
equations now assume the following forms: 

1 regressive +3 digressives = 4 progressives. (12) 

3 non-crossovers +4 progressives = 1 regressive +6 singles (13) 

If sister strands cross over freely, then as can be seen from table 6, 
random recurrence results in an excess of tetrads of ranks higher than 0 
and of non-crossover strands derived from them, so that a negative fre¬ 
quency of tetrads of rank 0 must be postulated to bring the total number 
of tetrads and of non-crossover strands down to the observed figure. The 
negative frequency will disappear if non-random recurrence can reduce by 
5316 the number of those tetrads of ranks higher than 0 that give rise to 
non-crossover strands. The simplest way to do this is to replace 10632 
tetrads of rank 1 by their equivalent 5316 non-crossover tetrads and 5316 
digressives, in accordance with equation 8. 


Table 6 

Frequencies of tetrads of ranks 0, 7, and 2 and of strands derived from them on the assumption of ran¬ 
dom association including sister-strand crossing over {p^J/3), 


rank and ttpb 

rRKoirisRcy 


rilEQUEVCIBS OR 8TR4ND8 


or TKTRAD 

or TSTKAD 

NON-CROflSOYERS 

lilNOLKb 

DOUBLRS 

0 

-5316 

-5316 



1 


2/3*10220 

1/3 = 5110 


i 

1/6* regressive 

2799 

2/3=. 1866 


1/3 =<133 

2/3* progressive 

m<)6 

5/12= 4665 

1/2*5598 

1/12*933 

1/6* digressive 

2799 

II 

2/3*1866 




Table 7 



Frequencies of tetrads of ranks 0, /, and 

2 and of strands derived from them on the assumption of non- 

random association U'ith sister strand crossing over (/>* 

1/3). {For explanation see text.) 

RANK ANl} TYPE 

rRRQUKNCT 


PKKQUENCllCS Of STRANDS 


or TITRAO 

Of TETRAD 

N0N-CR0880VRR8 

SINGLES 

DOUBLES 

0 

0 

0 



1 

4698 

3132 

1566 


2 

regressive 

2799 

1866 


933 

progressive 

11196 

4665 

5598 

933 

digressive 

8115 

2705 

5410 



The tetrad and strand frequencies as revised by this method are given 
in Table 7. They may be modified by other substitutions. 
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Table 8 

Crossing over involving sc ec cv cl v sf car bb (16136 individuals). 


TKTBAD rMQUfiNCISB CALCITLATmO rOR RANDOM RRCITRRSNCR 
OBSERVED _ 

p» 1/3 in regions indicated. 1/2 in other regions 

-p.1/3 

12 123 1234 12345 123456 1234507 

E r 0 H 1 j K 


0 

6607 

3300 

904 

697 

175 

-301 

-1161 

-1547 

-1683 

-1462 

-1339 

1 

506 

530 

414 

621 

618 

609 

501 

357 

18 

-120 

-204 

2 

1049 

1167 

1046 

1044 

1566 

1566 

1497 

1266 

624 

327 

189 

3 

855 

996 

960 

952 

952 

1428 

1371 

1230 

717 

483 

399 

4 

1499 

1817 

1876 

1804 

1758 

1720 

2580 

2466 

1914 

1494 

1305 

5 

937 

1143 

1196 

1096 

942 

848 

772 

1158 

1080 

981 

903 

6 

1647 

1867 

1710 

1480 

1036 

692 

324 

272 

408 

363 

333 

7 

683 

661 

420 

320 

100 

-66 

-346 

-412 

-442 

-663 

-651 

8 

379 

350 

202 

140 

24 

-42 

-180 

-234 

-254 

-246 

-369 

12 

3 

4 

4 

6 

9 

0 

0 

0 

-9 

-9 

-9 

13 

6 

11 

16 

24 

18 

27 

27 

18 

18 

18 

18 

14 

41 

87 

144 

216 

216 

216 

324 

315 

306 

288 

279 

IS 

55 

118 

200 

300 

s300 

294 

288 

432 

432 

414 

405 

16 

118 

262 

460 

690 

684 

684 

678 

678 

1017 

1017 

1008 

17 

54 

117 

200 

300 

300 

300 

288 

276 

276 

414 

414 

18 

34 

73 

124 

186 

186 

186 

180 

174 

168 

168 

252 

23 

3 

4 

4 

0 

0 

0 

0 

0 

-9 

-9 

-9 

24 

38 

69 

92 

92 

138 

138 

207 

207 

171 

126 

72 

25 

85 

182 

308 

308 

462 

462 

462 

693 

666 

630 

621 

26 

237 

517 

892 

888 

1332 

1326 

1302 

1284 

1926 

1908 

1881 

27 

123 

262 

440 

440 

660 

660 

630 

606 

594 

891 

873 

28 

70 

144 

232 

232 

348 

348 

312 

306 

288 

276 

414 

34 

22 

46 

76 

76 

76 

114 

171 

171 

171 

153 

144 

35 

55 

116 

192 

188 

188 

282 

282 

423 

414 

396 

369 

36 

177 

394 

692 

692 

688 

1032 

1032 

1026 

1539 

1530 

1521 

37 

88 

192 

332 

332 

332 

498 

486 

474 

468 

702 

702 

38 

38 

80 

132 

132 

132 

198 

192 

174 

168 

168 

252 

45 

41 

90 

156 

152 

152 

152 

228 

342 

342 

342 

333 

46 

198 

435 

756 

752 

736 

736 

1104 

1104 

1656 

1656 

1620 

47 

159 

346 

596 

588 

568 

560 

840 

840 

840 

1260 

1251 

48 

91 

189 

308 

304 

280 

276 

414 

408 

384 

378 

567 

56 

35 

73 

120 

120 

108 

104 

104 

156 

234 

234 

225 

57 

49 

101 

164 

156 

140 

132 

132 

198 

198 

297 

297 

58 

40 

82 

132 

128 

124 

112 

108 

162 

156 

156 

234 

67 

21 

44 

72 

72 

64 

60 

60 

60 

90 

135 

135 

68 

30 

56 

80 

76 

64 

60 

44 

40 

60 

60 

90 

78 

2 

1 

-4 

-4 

-12 

-12 

-16 

-16 

-16 

-24 

-36 


KBUionn 

OF 

CR088INQ 

OVER 


CBROMATIN 

rRB> 

QUENCIEB* 


p«2 3 p-1/2 


* From BstDGEs. 


t See footnote to table 4 . 
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A 

B 

c 

1) 

K 

r 

0 

H 

, 

a 

K 

123 

1 

3 

8 

12 

18 

27 

27 

27 

27 

27 

27 

126 

1 

3 

8 

12 

18 

18 

18 

18 

27 

27 

27 

135 

1 

3 

8 

12 

12 

18 

18 

27 

27 

27 

27 

145 

1 

3 

8 

12 

12 

12 

18 

27 

27 

27 

27 

146 

1 

3 

8 

12 

12 

12 

18 

18 

27 

27 

27 

147 

2 

7 

16 

24 

24 

24 

36 

36 

36 

54 

54 

148 

1 

3 

8 

12 

12 

12 

18 

18 

18 

18 

27 

157 

2 

7 

16 

24 

24 

24 

24 

36 

36 

54 

54 

158 

1 

3 

8 

12 

12 

12 

12 

18 

18 

18 

27 

168 

1 

3 

8 

12 

■2 

12 

12 

12 

18 

18 

27 

236 

1 

3 

8 

8 

12 

18 

18 

18 

27 

27 

27 

246 

4 

13 

32 

32 

48 

48 

72 

72 

108 

108 

108 

247 

5 

17 

40 

40 

60 

60 

00 

00 

00 

135 

135 

248 

6 

20 

48 

48 

72 

72 

108 

108 

108 

108 

162 

256 

3 

10 

24 

24 

36 

36 

36 

54 

81 

81 

81 

257 

4 

13 

32 

32 

48 

48 

48 

72 

72 

108 

108 

258 

1 

3 

8 

8 

12 

12 

12 

18 

18 

18 

27 

267 

2 

7 

16 

16 

24 

24 

24 

24 

36 

54 

54 

268 

3 

10 

24 

24 

36 

36 

36 

36 

54 

54 

81 

278 

2 

7 

16 

16 

24 

24 

24 

24 

24 

36 

54 

347 

2 

7 

16 

16 

16 

24 

36 

36 

36 

54 

54 

348 

1 

3 

8 

8 

8 

12 

18 

18 

18 

18 

27 

356 

1 

3 

8 

8 

8 

12 

12 

18 

27 

27 

27 

357 

2 

7 

16 

16 

16 

24 

24 

36 

36 

54 

54 

358 

3 

10 

24 

24 

24 

36 

36 

54 

54 

54 

81 

367 

1 

3 

8 

8 

8 

12 

12 

12 

18 

27 

27 

368 

1 

3 

8 

8 

8 

12 

12 

12 

18 

18 

27 

458 

1 

3 

8 

8 

8 

8 

12 

18 

18 

18 

27 

468 

4 

13 

32 

32 

32 

32 

48 

48 

72 

72 

108 

478 

1 

3 

8 

8 

8 

8 

12 

12 

12 

18 

27 

568 

1 

3 

8 

8 

S 

8 

8 

12 

18 

18 

27 


In the above analysis it has been assumed that while the relative fre¬ 
quencies of tetrads may differ, within each type of tetrad the frequencies 
of strands that are recognizable as crossovers in any specified regions are 
the same as when recurrence is random. This is necessarily true when sister 
strands do not cross over, but otherwise need not be true for all tetrads. 
Hence substitutions differing from those given above might be possible. 

The results of non-random recurrence can also be tested by means of 
the formulas for cases 3 and 4. For the frequency of tetrads of rank 0, 
formula 6 will be sufficient, at any rate for purposes of illustration. 
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An increase of regressives, or of progressives at the expense of digres- 
sives, will decrease ti_j and t_H8 and will increase ti+j and t_i-s. This will 
lessen the value of the term in as and consequently of yo; hence there will 
be even more negative tetrads if sister strands cross over. An increase of 
digressives, or of progressives at the expense of regressives, will increase 
ti _2 and t_i+8 and will decrease ti+s and t_i_ 2 . This will increase the value 
of the term in as and if the increase is sufficient the negative frequency of 
non-crossover tetrads will disappear. 

Other classes can be evaluated in the same way; and the method is 
essentially equivalent to the analysis already given. For some purposes 
it may be preferable, since it can be used more systematically; for ex¬ 
ample, the t’s may be made to vary according to some rule, such as that 
ti+s+s = tj+ 2 ts+,i, and the correctness of the rule can thus be tested. 

The analysis of the Xple data is supported by the results of applying 
the multiple-strand theory to a cross involving the genes sc ec cv ctvsf car 
bb, which cover practically the entire crossover map of the X chromosome 
(table 8). The observed frequencies (column A) are from an experiment 
made by Dr. C. B. Bridges, who kindly placed them at my disposal be¬ 
fore they were published (Morgan, Bridges, and Schultz 19.15). 

Negative values appear in the non-crossover tetrads as well as some of 
those of rank 1 when sister strands are allowed to cross over beyond the 
first two regions. 

Here the negative values cannot be eliminated so simply as in the X-ple 
cross. 

The analysis is further supported by the application of the theory to 
other data, both sex-linked and autosomal, in Drosophila melanof^aster and 
to sex-linked data in D. virilis. These results will be published elsewhere. 

The maximum amount of recombination between two linked genes 

In most organisms the amount of recombination between two linked 
genes approaches 50 percent as an upper limit as the intermediate distance 
lengthens. This relation is a corollary of equation 2b, which can be writ¬ 
ten 

(ao-Fas-l-a^-l- • • • ) —(ai-l-as-l-ae-l- • • • ) = 2'X. 

If the assumptions on which the equation is based are correct, then 
2'X cannot be negative. Hence (ao+a 8 +a 4 -h ■ • • ) ^(ai-f-aj-fai+ • • • )i 
that is, the apparent non-crossovers (classes of 0 and even rank) will equal 
or exceed the apparent crossovers (classes of odd rank). 

This relation can be deduced directly from the set of equations on page 
163 ; as in fact it has been deduced by Emerson and Rhoades (1933) from 
the table of Belling (1931) which corresponds to a special case of these 
equations. In each vertical column of the equations the coefficients of the 
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x^s are the successive terms of the expansion fp + q)% where q = l—p. If 
p* 1/2, the sum of the alternate terms is 1/2; and in any column (except 
the Xo column) the strands with no crossings over or with an even number 
will constitute half the total. These strands together with those in the Xo 
column make up the apparent non-crossovers; hence the observed recom¬ 
bination frequency will be less than 50 percent. As the chromosome length¬ 
ens genetically, the Xo class will decrease and approach 0 and the propor¬ 
tion of recombination between the end genes will approach SO percent as 
an upper limit. 

A more general relation can be obtained if the equations are multiplied 
respectively by 1, —1,1, • • • (~ 1 )** and added together. The result is the 
equation 

(a(j-|-a2 + <i4-|~ • - • ) —(ai+a3+a5+ * * * ) 

= x,^+(q-p)xi-L(q-p)-x 2 + • • • +(q-p)"Xn. (14) 

If p = 1/2, q — p = 0, and we have the case just discussed. 

If p < 1/2, the right-hand side of the equation will remain greater than 0, 
and the recombination frequency between the end genes will remain less 
than 50 percent as n increases. 

If p>l/2, the terms in (q—p) will be positive if the exponent is even, 
negative if it is odd. Hence their sum will be increased by the terms with 
even exponents, decreased by those with odd exponents. The precise na¬ 
ture of the result will therefore depend on the number of x^s and their 
relative sizes; that is, on the length of the chromosome and the coincidence. 
This situation would result if more than two chromatids crossed over at 
one level or within a region. 

The relations just deduced arc only part of still more general relations. 
For in the equations on page 165, ao may represent the frequency of any 
class, not necessarily the non-crossovers. It follows that if p = l/^, the 
sum of the crossovers in any specified region or regions and in 0, 2, 4, • • • 
additional regions will exceed the sum of the crossovers in the specified 
region or regions and in 1, vS, 5, * • additional regions. This relation holds 
for Drosophila mclanogasier and also for D. virilis (Weinstein, unpub¬ 
lished data involving the X chromosome from sepia to rugose, a distance 
of about 100 units. 

The minimum distance mthin which double crossing over occurs 

An upper limit can be set to the possible frequency of crossing over be¬ 
tween sister strands by the length of the shortest distance between ad¬ 
jacent levels of crossing over in a chromatid. In the X chromosome of 
D. melanogaster, this is about 14 units. Since the frequency of tetrad cross¬ 
ing over in such a region cannot exceed 1.00, the chance of detecting a 
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crossing over, being the ratio of the observed to the actual frequency, can¬ 
not be less than 0.14. But the chance of detecting a crossing over in a 
tetrad is composed of two factors: the chance of recovering a crossover 
chromosome and the chance of recognizing it when recovered. The first 
factor is 1/2 (provided that only two strands cross over within the region); 
hence the second is not less than 0.28. That is, crossover strands can be 
recognized in at least 0.28 of cases, and sister strands cannot cross over 
in more than 0.72 of cases. 

It might be possible to draw a further conclusion in some cases. If 
every tetrad were a crossover in the region, the amount of crossing over 
in the region could not exceed 33 1/3 percent if sister strands crossed over 
and 50 percent if they did not. Thus single crossing over exceeding 33 1/3 
percent within a region where no double crossing over occurred might be 
an indication that there was no crossing over between sister strands. 

COINCIDENCE AND INTERFERENCE 

The coincidence of two regions may be expressed as 

D/N DN 


A/N B/N AB 

where N is the total number of individuals, A the number of crossovers in 
the first region, B in the second region, and D in both regions simultane¬ 
ously. The regions whose coincidence is being measured will be referred 
to as nodal regions; the points of crossing over as nodes. The distance be¬ 
tween the nodes will be termed the internode, and the distance between 
the nodal regions will be termed the intermediate region. 

Coincidence may be of several types. In the type originally defined, 
A, B, and D include all individuals that are crossovers in the nodal re¬ 
gions, regardless of whether they are also crossovers in other regions. They 
may be termed inclusive totals, and coincidence so calculated inclusive co¬ 
incidence. Inclusive coincidence, which is a measure of interference, in¬ 
creases as the internode lengthens (Muller 1916). 

If crossovers in the intermediate region are excluded from D, the result¬ 
ant coincidence may be termed select; it measures the frequencies of in- 
temodes of different lengths (Weinstein 1918). 

If crossovers in the intermediate region are excluded from A, B, D, and 
N, the resultant coincidence has been termed partial (Muller 1925). The 
concept of partial coincidence may be extended by excluding regions other 
than the intermediate ones; in the extreme case all regions may be ex¬ 
cluded except those whose coincidence is being measured. This extreme 
type may be termed exclusive coincidence. 
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All the above types of coincidence as ordinarily measured are based on 
the observed frequencies of chromatids. They may therefore be termed 
chromatid or strand coincidence. Coincidence might also be based on true 
chromatid frequencies, or on tetrad frequencies. Tetrad coincidence might 
be based merely on the levels of crossing over, regardless of which strands 
are involved; or it might be calculated separately for regressive, progres¬ 
sive, and digressive crossing over; and further distinctions are possible ac¬ 
cording to whether the exchanges are between lateral or diagonal, homol¬ 
ogous or sister strands. 

Inclusive coincidence 

If recurrence is random, inclusive coincidence for tetrads or for the true 
frequencies of strands is equal to the strand coincidence as ordinarily cal¬ 
culated. For if Xa. Xb and Xd denote respectively the inclusive frequencies 
of tetrads that are crossovers in the first nodal region, in the second nodal 
region, and in both nodal regions, then strand coincidence whether based 
on observed or true values is Pa Pb Xd N/pa Xa Pb Xb = Xi) N/Xa Xb, 
which is the tetrad coincidence. I'his invariance holds regardless of whether 
or not sister strands cross over, and regardless of whether the p’s are the 
same or different in different regions. 

But if recurrence is not random, strand coincidence is 

tA4B Pa Pb Xd N/pa Xa Pb Xb; 

hence 

inclusive chromatid coincidence 

inclusive tetrad coincidence =--(15) 

t.A+B 

If random recurrence is altered by an increase of progressives at the ex¬ 
pense of digressives, or by an increase of regressives, t,+B > 1, and tetrad 
coincidence will be less than the observed value. If random recurrence is 
altered by an increase of progressives at the expense of regressives, or by 
an increase of digressives, t*+» < 1, and tetrad coincidence will be greater 
than the observed value. 

Only those deviations from random recurrence need be considered that 
yield the observed frequencies of chromatids: for example, those indicated 
in equations 8-13 and in table 7. These deviations will not alter the fre¬ 
quency of recognizable crossing over in any one region, and hence will not 
alter the denominator of the coincidence fraction. Their effect on coinci¬ 
dence will result from an alteration of the number of double crossover 
tetrads and hence of the numerator of the fraction. 

The substitutions indicated in equations 9, 11, and 12 would not alter 
the total number of tetrads that are crossovers in both regions involved 
and hence would not affect the coincidence. This applies to equation 11 
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only if the rank-2 regressive involves both nodal regions. But a change 
would result from the substitutions indicated in the other equations. Since, 
on random recurrence without sister-strand crossing over, the progressives 
constitute one-half of rank-2 tetrads, the regressives and digressives one 
quarter each, the substitutions in equation 10 might increase or decrease 
tetrad coincidence by as much as 25 percent. A similar decrease might re¬ 
sult from the elimination of digressives indicated in equation 8. The reverse 
substitution in this equation would increase tetrad coincidence by an 
amount dependent on the number of singles available. Thus the coinci¬ 
dence of regions I and 6, which is 912-28239/40.56-6442 = 1.0, could be 
increased to 2.9 if all the 1744 singles in region 1 and an equal number in 
region 6 were replaced by 1744 digressives and 1744 non-crossovers. Simi¬ 
larly, the coincidence of regions 2 and 6 could be increased from 1.0 to 2.5 
if the 1998 singles in region 6 and an equal number in region 2 were re¬ 
placed by digressives and non-crossovers. 

Not all the coincidence values could be altered simultaneously. Thus if 
all the 1998 singles in region 6 were used to raise the 2, 6 coincidence, there 
would be none left to raise the coincidence of 1 and 6. Again, only 1709 
digressives could be added or eliminated by equation 8 since there are only 
1709 non-crossovers. If the changes are distributed among the various 
classes, the increase or decrease in any one class would be much less than 
indicated above. 

Similar procedures with similar results apply if there is crossing over 
between sister strands. The distribution of tetrads in table 7 would in¬ 
crease coincidence since it adds 5316 tetrads to rank 2. The increase would 
be negligible for all values involving region 6, for the additional doubles are 
at the expense of singles, of which there are only 33 in region 6 (table 4, 
column I); but other values might be considerably affected. I’he increases 
could be minimized if the additional tetrads were distributed among all 
classes; but they could not be counteracted by substitutions since there 
are no non-crossovers at whose expense these could be made. 

It is perhaps unlikely that inclusive tetrad coincidence differs greatly 
from the observed value, for the following reasons: (1) Great deviations 
are brought about only by restricting substitutions of tetrads to one or a 
few classes, with the result that two adjacent regions have very different 
coincidences with the same region. (2) An increase of coincidence to more 
than 1 would imply that crossing over in one region is helped by that in an¬ 
other. (3) A decrease of inclusive coincidence for widely separated regions 
to less than 1 is not consistent with the mutual independence that might 
be expected from such regions. But we do not know how widely separated 
two regions must be to achieve independence; and in our present state of 
knowledge none of these reasons is conclusive. 



MULTIPLE-STRAND CROSSING OVER i8i 

Select coincidence 

If Xd, Xd-i-i, Xd+!, • ■ ■ Xd-i-n are the frequencies of tetrads that are cross¬ 
overs in both nodal regions and also at 0, 1, 2, • • • n levels in the inter¬ 
mediate region, then if recurrence is random and p constant, 

. p*[Xd-t-qXdu+q*Xd,s-t- ■ ■ • +q''Xd.nlN 

select chromatid coincidence =-- 

p Xa p Xb 

[qXd+i-f-q^Xd-fj-l- • • -|-q"Xd+n]N 

= select tetrad coincidence H—-- (16) 

Xa Xb 

Hence select coincidence for tetiads is less than the true value for chro¬ 
matids, which in turn is less than the observed value since q for the true 
value is less than for the observ'cd value. These relations hold if the p’s 
differ, but not necessarily if recurrence is not random. 

As the intermediate region lengthens, there will ultimately be a de¬ 
crease in the frequency of tetrads that are not crossovers in it, and con¬ 
sequently a decrease of .select tetrad coincidence. Select coincidence for 
strands will also ultimately decrease if recurrence is random, and even if 
it is not random except on rather special assumptions. 

Partial coincidence 

Partial coincidence for tetrads will in general differ from the observed 
value: for when tetrad frequencies are replaced by the corresponding 
strand frequencies, the changes in the numerator and denominator do not 
ncce.ssarily compensate for each other. The same is true when non-inter¬ 
mediate regions or all non-modal regions arc excluded. 

A detailed discussion of coincidence in D. melanogaster and D. virilis 
will be published separately. 

NON-DISJUNCTION AND ATTACHED x’s 

The multiple-strand method can be applied to cases of non-disjunction 
and attached X’s if allowance is made for the fact that two chromatids 
are recovered instead of one and that they are not necessarily a random 
pair. The situation is clearest in attached X’s, where the genes in the at¬ 
tached strands tend to remain together, the tendency being absolute at 
the point of attachment and decreasing distally because of crossing over 
with strands of the other attached pair. 

It will be best therefore to begin at the point of attachment; and if we 
do this, the strands resulting from tetrads of any given rank can be de¬ 
duced as follows. 

Crossing over between the spindle fibre and the first heterozygous pair 
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of genes might occur in three ways: (1) between strands attached to each 
other (these are homologous); (2) between sister strands; and (3) between 
a strand and its homologue in the other attached pair. Types 1 and 2 will 
leave each attached pair heterozygous; type 3 will result in homozygosis 
in each pair. If any two chromatids arc equally likely to cross over, the 
three types will occur with equal frequency, and homozygosis will be 
produced in 1/3 of the cases. 

If the first crossing over leaves each attached pair of chromatids heter¬ 
ozygous, then crossing over in the next region can occur in the same three 
ways, with the same results. If the first crossing over has produced homo¬ 
zygosis, the next crossing over can occur in two ways: (1) between strands 
attached to each other (these are now sister strands), (2) between strands 
of different attached pairs (these are now all homologous). If it is a matter 
of chance which strands cross over, type 1 will occur in 1/3 of cases, type 2 
in 2/3. 

This procedure can be continued for the entire length of the chromo¬ 
some. It may be represented by the following diagram, in which a repre¬ 
sents homozygosis for one strand, b for the other, and H heterozygosis. 



The chance that a tetrad of any rank will give rise to a particular type 
of offspring can be obtained by multiplying the appropriate fractions. For 
example, among offspring derived from tetrads of rank 3, there will be 
(2/3)* that are heterozygous throughout and (1/6)* that are homozygous 
for strand a throughout. 

If crossing over does not occur between sister strands, but association 
of strands is otherwise random, the procedure must be modified to con¬ 
form with the following diagram: 



/’V T '*1 ^f\ 

/f\ Vi /T\ /T\ /i\ /i\ T‘i 

jH ia jb H H iH }a jb |H ja }b JH }a Jb H H JH }a Jb H H 
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Table 9* 

Calculated and observed frequencies of daughters of attacked-X females 
{Observed frequencies from Sturtevant 1931) 
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eccv ctvgf 



x/ 


IV 

X/ 













sc ec cv ct V g j 


sc 



At ec cv ct i> 



sc 

cl v 



Obs. 

L'alt. 


Obs Calc. 


Obs 

Calc. 


Obs. Calc. 


614 

613 

4- . 

557 

578 

4 

515 

534 

4 . 

. 308 

318 

sc . . 

27 

19 

sc 

198 

210 

sc 

16 

19 

sc 

74 

61 

sc er . . 

36 

29 

ec 

34 

36 

sc ec 

20 

28 

sc ct 

39 

37 

sc ec cv . 

18 

27 

ec cv 

29 

35 

sc ec cv 

22 

27 

sc ct t» 

36 

40 

sc ec fii ct 

47 

45 

ec cv ct 

54 

61 

sc ec cv ct 

28 

44 

ec 

28 

46 

sc ec cv ct V 

16 

25 

ec cv ct V 

12 

38 

sc ec cr ct v 

39 

48 

ec cv . 

83 

65 

sc ec cv ct V g . 

9 

15 

ec cv ct V g 

24 

26 

g 

56 

49 

ec cv g 

9 

18 

sc ec cv ctvgf 

5 

9 

et cv ct t g f 

6 

19 

gJ 

38 

32 

eccv g/ . . 

5 

13 

ec . 

1 

0.2 

cvct 

9 

5 

ec rv 

2 

0.4 

ct. 

17 

8 

ec cv. 

2 

0 4 

ct ct V 

19 

10 

et cv ct 

7 

4 

civ. 

37 

48 

ec cv ct 

4 

4 

cv ct V g 

7 

12 

ec cv ct V. 

28 

17 

cv . 

6 

10 

ec cv ct V 

5 

6 

cv ct V g / 

8 

8 

cv 

1 

0 4 

cv g. 

7 

8 

ec cv ct V g 

9 

6 

ct 

0 

1 6 

tv ct 

5 

4 

cv gf . 

4 

5 

ec cv ct r g f. . 

3 

6 

ct V 

15 

6 

cv ct V 

28 

23 

g 

21 

15 

cv. 

2 

0, \ 

ct V g 

10 

8 

ft . 

2 

1 3 

xf 

17 

14 

iV ct 

7 

4 

Ctt g f 

7 

8 

ct T 

30 

17 

V 

25 

16 

rv ct p 

12 

8 

V 

9 

1 

V. . 

27 

20 

J . 

2 

0.7 

cvrtvg . 

10 

9 

r X 

18 

12 

/ 

2 

1.1 

ec g 

1 

0.1 

cv ct f g i 

3 

6 

V gj 

21 

9 

sc P 

2 

0 5 

ec g f . 

1 

0 2 

Ct 

4 

1 

X 

3 

2 

sc ec V 

1 

0 2 

ec cv f 

J 

0.1 

ct V 

4 

5 

g t 

17 

4 

sr g 

1 

0 3 

sc g 

1 

0.5 

ct V g 

6 

6 

J 

2 

1 1 

sc ec g f 

3 

0.? 

sc g f. 

1 

0.5 

<tv gj 

5 

6 

rc t g 

1 

0 2 

Total 

873 


SC f 

1 

0.1 

1'.. 

6 

3 

ei tv gJ 

2 

0 1 




sc ct g 

1 

0.0 

t' g . 

8 

10 

ec cv tt gJ 

2 

0 5 
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Vgf 

9 

7 

ec tx it} 

1 

0 2 







X . 

1 

2 

scv g 

1 

0.6 







/:/• 

4 

4 

sex gf 

3 

0.3 
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1 

1 

sc g 

1 

0.2 







sc V K 

2 

0 2 

sc gf 

4 

0.7 







Total 
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1 

0.2 










sc ct V g / 

1 

0 

ec ct V 

/ 


Vin_ 

X 





Total . 
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sc ec 

ct V / 






t' / 
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4. 

. 413 

433 



^ ^ et 


69 

49 

35 

20 

V . 

sc ec cv g 



St cv t / 

X 


St cv 

90 

100 

sc ec . 

59 

59 

4-. . 

349 

362 

-f 

386 

.197 

sc cv g 

12 

26 

sc ec ct . . 

. 38 

47 

sc 

22 

16 

Si 

62 

49 

ec. 

65 

58 

sc ec ct V . 

21 

42 

sc ec 

15 

23 

sc cv 

20 

28 

ct ct 

48 

50 

sc et ct r/. 

2 

9 

sc ec cv . 

.56 

80 

St tl ct 

37 

72 

ec ct r 

54 

53 

cr 

. 121 

125 

sc cr cv g. 

11 

21 

sc cv ct g 

9 

26 

ec ct V f 

4 

16 

cv g 

40 

55 

ct . 

46 

44 

ec. . 

102 

109 

cv . . 

31 

23 

ec . 

8 

0.6 

ct V 

68 

66 

ec V 

43 

54 

cr g. 

34 

29 

ec ct . 

7 

4 

ct v/. 

15 

23 

et V j 

13 

16 

ct 

14 

6 

ec ctv . . 

17 

12 

ec cv.... 

17 

8 

cv. . . 

2 

0.8 

ct r 

44 

29 

ec ct v /. . 

3 

6 

ec cr g , 

10 

10 

cv ct 

32 

22 

ctv J 

15 

13 

ft ... 

10 

6 

cv.. . 

14 

10 

cv tt g. 

28 

29 

V . . 

15 

14 

ctv . 

41 

30 

cvg. . 

15 

13 

ct . 

14 

6 

r/ 

5 

7 

ctvf. . , 

21 

13 

V, . . 

IS 

11 

ct g 

12 

13 

g. ... 

47 

36 

g. . . . 

43 

37 

vj. . . 

7 

6 

V. . 

61 

43 


3 

4 

V . 

17 

14 

r.. . 

44 

29 

V/. 

24 

20 

sc g. 

2 

1 

V/. . 

19 

7 

/. 

14 

4 


39 

23 

ec V . . 

3 

0.3 

/... 

4 

5 

sc g. . 

3 

0.5 

/. . 

11 

4 

ec ct/. . 

1 

0.5 

scv/.. 

1 

0.2 

sc ec g. 

2 

0 3 

M’ g 

1 

0 

sc ctv . 

1 

0,0 

sc ec V.. 

1 

0.4 

sc ctv.. 

1 

0.1 

SC g. 

5 

1 

scv/. . 

2 

0.3 

sc cv g... 

1 

0.1 

scvf. . 

1 

0.2 

SCV . 

6 

0.6 

sc/. 

1 

0.3 

scg. .. 

1 

0.6 

sc/ . 

1 

0,1 

scv/ . 

4 

0.3 

ec g. 

2 

0.6 

scec g . 

3 

0.6 

sc ecvf . 

1 

0.1 

sc /... 

1 

0.3 

ec ct g.. 

1 

0.4 

sc ec ct g... 

1 

0.3 



A 

1 


1 

0 

ec g . 

1 

0.0 

sc ec/ . 

1 

0.2 

ec g. . 









Toul........ 

72S 


Total. 

916 


Total. . 

916 


Toul, . . 

. 928 



• This tabic includes all calculated frequencies of I or more; and,.where the observed frequency 
is not 0, every calculated frequency of less than 1. Calculated figures are given to the nearest unit; 
except those of 1 or less, which are given to the nearest 04. 
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• In either of the above cases, if recurrence is not random, the frequency 
of each class obtained from a tetrad of a given kind will not be the simple 
product of the fractions in the table, but this product multiplied by a fac¬ 
tor which, in the most general case, will differ according to the rank of 
the tetrad, the regions involved, and the nature of the crossings over: 
whether homologous or sister-strand; lateral or diagonal; regressive, pro¬ 
gressive, or digressive. 

Thus if the frequencies of tetrads are known, the frequencies of geno¬ 
types and phenotypes among the offspring can be calculated. In table 9 
are given the frequencies of phenotypes expected among offspring of at- 
tached-X females heterozygous for sc ec cv cl v g /, on the assumption 
that sister strands do not cross over but association of chromatids is other¬ 
wise random. The tetrad frequencies in the column headed p = l/2 in 
table 4 have been used as a basis; but since they do not include crossing 
over between the spindle fibre and forked, a correction has been applied 
by taking into account what proportion of each class must also have been 
crossovers to the right of forked. This correction is based on a cross 
involving the loci y hi a’ cl v g B hh, the unpublished data of which were 
kindly placed at my disposal by Dr. C. B. Bridges in 1932. The crossover 
values in this cross agree closely with those in the X-plc cross (Morgan, 
Bridges and Schultz 1933). 

The calculations have been made for the eight types of heterozygous 
mothers that gave the greatest number of offspring in the experiments of 
Sturtevant (1931), and Sturtevant’s actual counts arc included for 
comparison. The frequencies are on the whole in agreement. The discrep¬ 
ancies are probably due at least in part to the small counts and to differ¬ 
ential viability; there may also have been differences in proportions of 
crossing over between the attached-X stock and those on which the cal¬ 
culated values are based. 

A comparison can also be made between calculated and observed fre- 
. quencies of offspring heterozygous for all the genes involved. The calcu¬ 
lated value is 39.9 on the basis of table 4 (corrected) and 40.9 on the basis 
of table 8. The value observed by Sturtevant (1931) is 34.5; and from 
the data given by Beadle and Emerson (1935, table 2) it appears that 
among 1478 offspring whose genetic constitutions were tested, 668 were 
heterozygous for all genes from scute to forked inclusive, this being a pro¬ 
portion of 45.2. The calculated values are almost precisely half way be¬ 
tween the observed values. It should be noted also that Sturtevant’s 
figure is based on tests of only 383 wild-t 3 q)e daughters; and that the pro¬ 
portions of crossing over in the attached-X stock used by Beadle and 
Emerson were somewhat different from those of the stocks on which the 
(calculated values are based. 
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The proportion of completely heterozygous individuals in attached 
is equal to Xo+qxi+q^X 2 +q^X 3 + • +q"Xn provided that at any leA 
of crossing over only two strands are involved; hence it is precisely equ 
to the proportion of non-crossovers in the same region among offsprin 
of females with unattached X’s. The variations in the frequencies of x 
and p’s compensate for one another, and the result is therefore inch 
pendent of the value of p. Nevertheless a hgure obtained on the assumj 
tion of crossing over between sister strands would not be significant despitv 
its agreement with observation; for the tetrad frequencies on which i. 
would be based are incorrect, involving as they do negative values. Th( 
agreement would therefore be purely formal since it would be due to 
compensating errors. 

The proportion of homozygo.'^is for each gene can also be calculated. 
This is done by adding the proportions of the api)ropriaie classes in the 
diagrams on page 182. If p = 1/2, the sum is 

4 Xl + J X 2 + ee X 3 + X 4 + 

where the x’s are the frequencies of tetrads that are crossovers at I, 2, 
3, 4, levels between the point of attachment and the gene in question. 
Values have been calculated on the basis of the p == 1 il columns of table 4 
(corrected for crossing over between / and hh) and of table 8. These, to¬ 
gether with observed values, are given in table 10 and illustrated in fig¬ 
ure 4. 

The solid curves in figure 4 illustrate homozygosis plotted against actual 
map distance in each cross. The two lines coincide almost completely from 
the spindle fibre to about e; beyond v the curve based on table 4 rises above 
that based on table 8. 

The total map distance is almost exactly the same in the two crosses; 
but corresponding regions do not always have the same length. Hen' 
while the ends of the curves lie in the same perpendicular, the other cc 
spending loci do not. In order to facilitate the comparison of correspond 
genes, the curves have been redrawm so that the abscissa of each gene 
the average of the values in the two crosses. I'he results are the das’ 
line for the data of table 4 and the dot-and-dash line for those of table 8 

The theoretical and observed results are of the same general type 
from nearly 0 at the proximal end to above 16 2/3 (the value exp 
pure chance) at the distal end. The greatest discrepancies are . 
values observed by Emerson and Beadle in the region from ca^ 
these are undoubtedly due to the fact that there was less cross 
in the attached X stock used by Emerson and Beadle than in tl 
of tables 4 and 8. Differences in crossing over and in coincidence r. 
account in part for the discrepancies in ci and more distal genes; but ( 
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ential viability is suggested by the low value of cv as compared with ct 
and of sc as compared with y in some of the data. 

The theoretical curve based on table 4 and on the y bi cv ct v g B bb 
cross was exhibited at the Sixth International Congress of Genetics and 
before the Genetics Society of America in 1932. Homozygosis when sister 
strands do not cross over was independently calculated by Sax (1932) and 



Figure 4, Proportions of homozygosis for recessive genes in offspring of heterozygous at- 
tached-X females. The abscissa indicates distance from the spindle fibre. The curves are drawn 
through the theoretical values given in table 10. The observed values in table 10 are also indi¬ 
cated; those from Anderson, L. V, Morgan, and Sturtevant by dots enclosed in circles; those 
from Rhoades by concentric circles; those from Emerson and Beadle by simple circles. 

subsequently by Belling (1933), Kikkawa (1933)* and Mather (1935); 
the data on which these calculations were based did not include the entire 
length of the X chromosome. Beadle and Emerson (1935) have obtained 
a similar curve from an analysis of crossing over in the attached X’s them¬ 
selves. 

* Kikkawa’s previous (1932) method was, as hd himself pointed out, incorrect because the 
highest frequencies of homozygosis yielded by it were distinctly less than 16 2/3 percent. Kik¬ 
kawa in 1932 stated that the writer’s theory as embodied in formula 2 of the present paper would 
not allow for aaa/aha individuals. This objection is answered by the analysis given above, which 
shows that such individuals are expected and with a frequency corresponding to the one observed 
experimentally. Kikkawa’s objection was due to a misinterpretation of the writer’s theory; spe¬ 
cial cases of the theory have since been used by Kikkawa himself. 
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The agreement of a theory with observation is of course not significant 
unless other theories agree less closely. It is therefore necessary to con¬ 
sider how the curve would be modified if the assumptions on which it was 
calculated were altered. 

For regions near the point of attachment the curve is a straight line, 
the homozygosis being half the map distance from the spindle fibre. This 

Table 10* 

Percentages of komozygosis in daughters of attached-X females. 



(HLruHThl) 


OBBKRVBt) 



QENK 

r\HLh 4 TARLK 8 

1>-I 2 2 

ANDKRBON 1925 

L. V uuuaAN 1925 

HHUAPbS 1931 

EMERSON 

1933 

AND BEADLE 

1935 


fORRKt’TBl) KUH HTURTKVANT 1931 

CH'JHHtNO OVBH RC/MIfAKlZKD Rr 

BM WeKN / Ktiubb STI .iTBV ANT 


car 


2 2 




0.8 

B 



4.1 


3.0 


} 

4 6 

5.9 

5 1 

4 9 


2 5 

Z 

10.1 


10 3 


?.:> 


s 


13 0 



8.1 

7 0 

m 



13.5 


10 2 


V 

14.6 

15 8 

14.8 


11 9 

11 S 

Iz 



14.9 




t 



16.1 




ct 

IS 4 

17 6 

16.4 



14 8 

cv 

19..S 

18 1 

15 9 



18 0 

rb 




17.6 



ec 

19 0 

18.3 

16.6 

17.3 


18.4 

u> or 



16.5 (w) 

17.5 (xt^) 



sc 

19.4 

18 0 

17.1 

17.9 


20.3 

V 



19.0 

19.2 




* This table includes all the data hitherto published. The proportions headed Rho.ades (1931), 
and Emerson and Beadle (1933), have been calculated by the writer from the total counts of 
these workers 'I'he homozygosis values calculated by Rhoades differ slightly from those recorded 
here because he excluded some of his data. 

In the experiment of Emerson and Beadle (1933) the value marked B is the average for Bar 
and its normal allelomorph. 

would be expected on random association without sister strand crossing 
over; because homozygosis for a given gene is 1/4 of the frequency of 
tetrads of rank 1, while the map distance is 1/2, and there are few if any 
tetrads of higher rank. If sister strands cross over freely, homozygosis is 
1/6 and map distance 1/3 of rank-1 tetrads; so that the agreement is 
equally good and this part of the curve cannot be used as evidence for or 
against sister-stiUnd crossing over. But the distal part of the curve, as has 
been pointed out by the writer (Weinstein 1932c) supplies the necessary 
evidence; for if sister strands crossed over, the proportion of homozygosis 
(as can be seen from the first diagram on page 182) would be 
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JXi + iX2 + JX3+ • • • + Jx„ 

SO that even if all tetrads were crossovers, the amount of homozygosis 
would not exceed one-sixth. The fact that both calculated and experimen¬ 
tal curves rise above this level shows that crossing over does not occur 
freely between sister strands. 

The curve also proves that only two of the four strands cross over at any 
level. For if all four always crossed over, no homozygosis would be pro¬ 
duced at all; and if all four sometimes crossed over, the homozygosis in the 
proximal part of the curve would not be half the map distance but less. 
This is true regardless of whether crossing over occurs between sister 
strands. 

The curve can also be used to test whether recurrence is random. That 
the proportion of homozygosis depends on the nature of recurrence can 
be seen from the fact that in tetrads of rank 2 homozygosis of genes distal 
to both exchanges results not from regressives or digressives but only from 
some of the progressives. If there is no crossing over between sister strands, 
homozygosis is produced only by those progressives in which the proximal 
crossing over is lateral (the distal crossing over must then be lateral also); 
this type is illustrated in figure 2B. The terms lateral and diagonal are 
applied according to the relative positions of the strands in the region of 
crossing over, and do not necessarily describe their relation at the proximal 
end. 

If recurrence is random, these progressives constitute one-half of all 
progressives or one quarter of all rank-2 tetrads.^ That is, the same propor¬ 
tion of rank-2 progressives as of single crossover tetrads produce homozy¬ 
gosis; while regressives, digressives, and non-crossovers do not produce 
it at all. 

The substitutions indicated in equations 8-13 and table 7 can be tested 
with respect to their effect on homozygosis for scute with the aid of the 
following table. 

Table 11 


Tetrad frequencies for the X chromosome {random recurrence^ no sister-strand crossing over) 


RANK 

0 

l 

2 

RBORKBSIVE 

2 

PROORRSSIVK 

2 

DIQRBtfMIVlC 

3 4 

Table 4 (corrected to in¬ 
clude crossing over be¬ 
tween / and hb) 

557 

15678 

2755 

5510 

2755 

888 96 

Table 8 

904 

7824 

1730 

3460 

1730 

488 


Equation 8. The replacement of non-crossovers and digressives by 
singles would increase homozygosis. In the corrected Xple figures, since 


* All these proportions must be divided by 2 when homozygosis for the recessive gene only is 
considered. 
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there are only 557 non-crossover tetrads there could be not more than 1114 
additional singles, of which 278.5 would produce homozygosis for scute; 
this would raise the proportion from 19.4 to 20.4—not so good an agree¬ 
ment with the observed values for sc and y. 

The reverse substitution (non-crossovers and digressives for singles) 
could have a much greater effect. If all of the 15678 singles were replaced, 
homozygosis for scute would fall to 5.5, an impossibly low figure. A reduc¬ 
tion of homozygosis to 16.7 would require the replacement of 1/5 of the 
singles; this is highly improbable, since most of the observed values for 
sc and y differ significantly from 16.7. 

On the basis of table 8, the highest value would be 20.8, the lowest 5.9; 
and a decrease to 16.7 would involve replacing 1/9 of the singles. 

Equation 9. The progressives could be doubled or eliminated; and 
homozygosis would fall as low as 14.6 or rise as high as 24.2 on the basis 
of table 4 (corrected). The corresponding values on the basis of table 8 
would be 12.6 and 23.4. Hence only a small part of the substitutions would 
be possible. 

Equation 10. 'Fhis would not alter homozygosis, since the effectiveness 
of a progressive is equivalent to that of a single. 

Equation 11. Homozygosis would remain unaltered because a non- 
progressive tetrad of rank 3 has the same effect as a single. This follows 
from the fact that in the rank-3 tetrad two of the crossings over are regres¬ 
sive with respect to each other and neutralize each other; the third cross¬ 
ing over effects homozygosis if it is diagonal but not if it is lateral. 

If sister strands cro.ss over freely, homozygosis results from 1/3 of the 
tetrads of rank 1 and 1/2 of the progressives of rank 2, but not from re- 
gressives or digressives of rank 2 or from non-crossovers (see footnote 3). 
Since homozygosis calculated on free sister-strand crossing over and ran¬ 
dom recurrence is too low, only those deviations from random recurrence 
are possible that raise the calculated proportion to the observed level. 

The method by which the negative frequency of non-crossovers was 
eliminated (table 7) consisted in decreasing the number of tetrads of 
rank 1 by 10632 and increasing the digressives by 5316. This would de¬ 
crease the proportion of homozygosis for distal genes and is therefore 
impossible. 

Of the substitutions indicated in equations 8, 11, 12, and 13 the only 
ones that would increase homozygosis are the replacement of the left-hand 
by the right-hand side of equations 8 and 12. But singles cannot be in¬ 
creased by the substitutions indicated in equation 8, since there are no 
non-crossovers at whose expense this could be accomplished ; hence the 
only substitution that remains is of progressives for regressives and 
digressives (equation 12). To test this completely the figures in table 7 
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do not suffice, since they include only the region irom forked to scute; but 
they can be considered as roughly applicable to the region from the point 
of attachment to crossveinless or echinus^ which is about as long as that 
irom forked to scute. On this basis there might be as many as 10820 addi¬ 
tional progressives; and the proportion of homozygosis due to singles and 
progressives might be increased to as much as l/282vS9 (1/6 4698 + 1/4 
22016) =22.2—too high a figure, so that only part of the substitution is 
possible. 

POLYPLOIDS 

Triploids 

In triploids there is evidence that only two of the six strands cross over 
at any level (Bridges and Anderson 1925, Redfield 1930). Hence among 
the strands emerging from a hexad which is a crossover at a given level, 
the proportion that are recognizable crossovers at that level is the product 
of 1/3 by the chance of recognizing a crossover strand once it is recovered. 
This chance depends on two factors: (1) whether all three chromosomes 
are distinguishable from each other or two are indistinguishable, and (2) 
whether crossing over takes place between sister strands. The results for 
four possible cases are as follows: 



CROSBINO OVER BBTWKBN 

NO CR088INO OVER 



81BTER 8TRANVB AS 

BETWEEN SISTER 



FRRQtrKNT A8 ON CflANCK 

STRANDS 


All 3 chromosomes distinguishable 

l/3(4/5) = 4/15 

1/3 


2 chromosomes indistinguishable 

1/3(8/15) = 8/45 

1/3(8/12) = 2/9 



These fractions represent the chances of detecting a crossing over at 
one level if one chromatid is recovered (‘‘regular” offspring). If two chro¬ 
matids are recovered (“exceptional” offspring), then p for hexads is the 
product of the chance that at least one is a crossover by the chance of rec¬ 
ognizing a crossover strand once it is obtained provided that the two 
chromatids arc recovered at random. 

Bridges and Anderson (1925) showed that a chromosome may cross 
over with different chromosomes at different levels; and they concluded 
that synapsis involves all three chromosomes equally throughout their 
length. On this theory recurrence would be random for all six chromatids, 
except that sister-strand crossing over may be excluded. But when hexad 
frequencies are calculated on this basis, negative values are encountered 
(Weinstein 1932c). 

In table 12 are given the hexad frequencies calculated for the cross of 
Redfield (1930, table 1, broods 1 and 2 combined), which covers about 
half of the third chromosome. Here all three chromosomes are marked; 
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hence formula 2 can be applied with p = 4/15 and p = 1/5. When p = 4/15, 
the largest negative value ( —lv^5) is 1.6 times its standard error. When 
p = 1/3, the negative value f— 30) is 0.6 times its standard error. The re¬ 
sults are not conclusive; still they suggest that with longer stretches of 
chromosome significant negative frequencies would apf)ear. 

Tabli- 12 

-f D ma Sb -f 

CrosstMg over in triploids of constitution se Mh -f // 

h -f cu hx e* 


RBOIONB or 

rRosfiwr. 

OVER 

OBSERVED 

FREQUENriES 

REDFIKLD l')3() 
n = 1030 

TETRAD FREOfTEm IBB rAW’ULATED FOR RANDOM RBf ORRENCK 

p-1 2 p-1 3 p —4 15 

0 

565 

272 

127 

101 

1 

S7 

100 

61 

17 

2 

171 

226 

l-Vl 

07 


70 

56 

-30 

-ns 

4 

47 

48 

21 

-7 

12 

22 

76 

144 

193 

13 

11 

36 

63 

77 

14 

8 

20 

IS 

-4 

23 

27 

104 

225 

341 

24 

12 

40 

72 

91 

34 

6 

20 

36 

46 

123 

1 

8 

27 

53 

124 

2 

16 

54 

105 

134 

1 

8 

27 

53 


Negative values are in fact obtained for the cross covering almost the 
entire length of the third chromosome given in Redfield's table 5. Here 
only one of the chromosomes is marked, hence p = 2/0. And a further modi¬ 
fication of procedure is necessitated by the fact that since there are two 
strands of one kind and one of the other, the chances of recognizing cross¬ 
ing over at different levels are not independent, even though recurrence 
be random. It becomes necessary therefore to use equations like those in 
case 3. The analysis need not be given in detail because a similar one has 
been made by other workers (Mather, 1933, 1935; Kikkaw^a, 1931; see 
Kikkawa for the equations). These negative frequencies are not in them¬ 
selves significant; but they point in the same direction as those in the 
previous cross. 

These results suggest that, for considerable distances, only two of the 
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chromosomes conjugate while the third goes unmated to either pole. On 
this assumption, the unmated chromosome region can be neglected; for 
the conjugating chromosomes form what is essentially a tetrad, and the 
chromosome recovered in regular offspring is always one of those that 
conjugate. Hence the data in table 12 can be treated as in diploids; that 
is, formula 2 can be applied with p==l/3 if sister strands cross over and 
p = l/2 if they do not. When p = l/3, as we have seen, some negative 
values are encountered, though their significance is doubtful; when p = 1/2, 
however, all frequencies are positive and support the theory on which they 
are based. 

If the conclusions suggested by these results are correct, we should ex¬ 
pect that when two strands are recovered (exceptional offspring), usually 
not more than one strand will be a crossover. This is borne out by the re¬ 
sults with the X chromosome: from Bridges and Anderson (192vS table 5) 
it appears that a crossover chromatid is associated with a non-crossover 
82 times out of 97, and with a crossover only 15 times. The tendency is 
complete at the spindle fibre and decreases for more distal regions because 
of crossing over between them and the spindle fibre. In the autosomes there 
is a similar relation between association of chromosomes and distance from 
the spindle fibre (Redfield 19v?0). As has been pointed out by Muller 
(unpublished, cited by Weinstein 1932c), these facts support the view 
that only two of the chromosomes conjugate while the third remains un¬ 
mated, although there may be some change of partners. 

Similar conclusions concerning conjugation in triploids have been 
reached by Mather (1933, 1935); and on cytological grounds by Belling 
(1921), Muller (1922) and Darlington (1932). Rhoades (193vS) and 
Kikkawa (1934) have presented somewhat different interpretations. The 
questions raised by these workers cannot be discussed here but will be 
treated elsewhere. 

Frequency of crossing over in diploids and triploids 

In comparing the amount of crossing over in diploids and triploids, it is 
necessary to distinguish between crossing over per strand and crossing 
over per tetrad or hexad (Weinstein 1932a). 

If in any given region crossing over is constant per chromatid, then if 
chromatids are recovered at random there would be no change in crossing 
over per chromatid in triploids if sister strands do not cross over, but an 
increase if they do. For in the latter case one third of the crossings over 
in a tetrad would be undetectable, whereas in the hexad the proportion 
would be only 3/15 = 1/5. This was pointed out by Bridges and Ander¬ 
son (1925), who suggested that thus it might be possible to discover 
whether or not crossing over occurs between sister strands. 
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There is however another possibility which they did not consider; 
namely, that the amount of crossing over might be constant not per 
strand but per group of chromatids (tetrad or hexad). In this case the 
amount per chromatid would be decreased, since there would be the same 
number of crossings over but more strands. The ratio of recognizable cross¬ 
over strands in triploids to that in diploids would then be 4/151/3 =4/5 
if sister strands cross over, and 1/3-r-1/2 = 2/3 if they do not; provided of 
course that strands are recovered at random. Here again it might be 
possible to discover whether sister strands cross over. 

In Bridges and Anderson’s data for the X chromosome, the amount of 
crossing over per strand recovered was half as great in triploids as in 
diploids (except for the leftmost region of the X, which showed an increase). 
If strands were recovered at random, this would agree better with the sup¬ 
position that crossing over is the same for hexad as for tetrad and that 
sister strands do not cross over. But the decrease is too great and suggests 
that non-crossover strands are recovered more often than on chance. 
If two strands are recovered and one is usually a non-crossover, the 
amount of crossing over per recovered strand in triploids would be approx¬ 
imately halved, as it is; hence the figures support the theory that only 
two strands usually associate in synapsis while the third goes unmated to 
one pole. We may still conclude that crossing over per hexad is the same 
as per tetrad; but no conclusion can be drawn directly as to crossing over 
between sister strands, for the result would be the same whether this 
occurs or not, since the hexad acts essentially as a tetrad. 

At the left end of the X, where there must be a greater tendency for 
strands to be recovered at random (because of crossing over between this 
region and the spindle fibre), the ratio might be expected to approach 2/3 
if sister strands do not cross over; instead it rises to 2. This increase re¬ 
mains unexplained. 

In Redfield’s data, since only those individuals were selected that did 
not receive the unmated chromosome, the triploid-diploid ratio per strand 
might be expected to decrease from 1 at the spindle fibre to about 2/3 for 
distal regions, where strands are recovered more nearly at random. The 
latter figure is realized near the ends of the chromosome; and there is a rise 
toward the center. Near the spindle fibre however the ratio increases to 
3 or 4; and this increase is not accounted for. 

Muller (unpublished, see Weinstein 1932c) and Rhoades (1933) 
have reached similar conclusions, though Rhoades’s interpretation of 
synapsis in triploids differs from that given above. 

Higher polyploids 

The multiple-strand theory can be applied to higher polyploids; it is 
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merely necessary to take into account which chromosomes are distinguish¬ 
able and how they undergo synapsis. This may result in complicated situa¬ 
tions; but where (as in some tetraploids) synapsis is in pairs, the treatment 
is not essentially different from that of diploids. 

SUMMARY, WITH SOME CONSIDERATION OF THE MEC HANISM 
OF CROSSING OVER 

A mathematical method is described which makes it possible to calcu¬ 
late from the observed frequencies in a crossover experiment (1) the 
frequency of undetected crossing over including that between sister 
strands, which cannot be recognized directly, and (2) how the individual 
chromatids are associated in tetrads. The method can be applied to ordi¬ 
nary diploids, to cases of non-disjunction and attached chromosomes, and 
to polyploids. The calculated results differ according to the assumptions 
made as to crossing over at any given level and the mutual relations of 
crossings over at different levels; and since some of the results are incon¬ 
sistent with the experimental data or (as in the case of negative fre¬ 
quencies) meaningless, the assumptions on which they rest can be ruled 
out and our knowledge of the mechanism of crossing over thus becomes 
more precise. 

The experimental results when subjected to this mathematical treat¬ 
ment lead to the following conclusions regarding the mechanism of cross¬ 
ing over: 

(1) There is no crossing over between sister chromatids. 

(2) At any level only two of the four chromatids may cross over. 

(3) Otherwise it is a matter of chance which chromatids cross over at 
any level. 

(4) The chromatids that cross over at one level do not determine which 
ones cross over at other levels. 

(5) This mechanism implies that for inclusive coincidence the true value 
for strands or tetrads is identical with the observed value regardless of 
whether sister strands cross over or not; for select coincidence the tetrad 
value is less than the observed value where the two differ; and for partial 
coincidence the tetrad and the observed values are in general not identical, 
though they may be very similar. If recurrence is not random, all types 
of tetrad coincidence will in general differ from the observed values. 

Coincidence for chromatids remains identical with the observed values 
if sister strands do not cross over. 

All these propositions and others are summed up in formula 2 for p - 1/2; 
that is, that the frequency of any class of tetrads is given by 

2*^[ao—ai+a«~"a3+ • • • +(~’l)"a„]. 

(6) In triploids the same mechanism holds; but the evidence indicates 
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that two of the chromosomes undergo synapsis to the exclusion of the 
third, over considerable distances, though there is some change of partners; 
but recurrence is probably random among the strands of the conjugating 
chromosomes. 

Deviations from the mechanism described above lead to results that 
are inconsistent or incorrect: 

(!) Crossing over between sister chromatids would involve negative 
frequencies of tetrads, would not allow the proportion of homozygosis for 
any gene to exceed 16 2/3 percent in cases of attached X’s and non-disjunc¬ 
tion and would result in other discrepancies. Evidence in the same direc¬ 
tion is available in the work of Emi:rs()n and Beadle (1933) and Beadle 
and Emerson (1935) on attached X’s; and of L. V. Morgan (1933) on the 
ring-shaped X; and in the non-occurrence of sister-strand crossing over in 
Bar either in its ordinary locus (Sturtevant 1925) or when translocated 
to the left end of the chromosome (Muller and Weinstein 1932 and un¬ 
published data). 

(2) Crossing over between more than two chromatids at a given level 
would diminish or eliminate homozygosis in offspring of attached X's. This 
conclusion is supported by the non-occurrence of identical crossovers in 
offspring of attached X’s (Anderson 1925b) and of triploids (Bridges and 
Anderson 1925). 

(3) Random occurrence of crossing over is shown most simply in the 
equality of lateral and diagonal crossing over near the spindle fibre (or a 
2:1 ratio if sister strands cross over); and this involves random occurrence 
in other regions to give the observed results. 

(4) Deviations from random recurrence would, if too great, lead to 
negative frequencies, and would modify the proportions of homozygosis 
in attached X’s from the observed values. 

The above results would follow the modification of one condition at a 
time. Modification of two or more conditions simultaneously might in¬ 
crease discrepancies; for example, the crossing over of all four chromatids 
at the same level would produce some of the same effects as an increase of 
digressive crossing over. On the other hand, some modifications would 
compensate for one another: an increase in digressive crossing over will 
counteract some effects of increased regressive crossing over, and it may 
also eliminate negative frequencies produced by crossing over between 
sister strands. 

The conclusions have been stated in terms implying that at the time 
when crossing over occurs each chromosome is split into two separate 
strands or rows of genes. This assumption is not required by the mathe¬ 
matical analysis, and it leads to some difficulties which, together with the 
modifications they suggest, will be briefly considered. 
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(1) Crossing over between diagonal chromatids might prevent inter¬ 
change between two others at the same or neighboring levels by keeping 
them apart; but it is not obvious why a lateral crossing over should have 
the same effect. This suggests that when crossing over occurs sister chro¬ 
matids are not completely independent of each other. 

(2) It is difficult to see why two completely independent sister chroma¬ 
tids should not cross over with each other, particularly since a sister 
chromatid might change positions with a homologous one by crossing 
over with it. The evidence however does not actually show that sister 
strands do not cross over: such crossings over arc not directly detectable 
since they result in no recombination of characters. Our criterion of their 
occurrence is really whether crossing over between homologous strands at 
the same or neighboring levels is prevented, and the evidence shows that 
it is not. This could be explained if the sister genes arc not arranged in two 
distinct rows but the genes at one level are oriented at random with re.spect 
to the genes at other levels; or to put it somewhat differently, there would 
be one row of double genes instead of two rows of single genes, and there 
would be no sister strand crossing over because there would be no sister 
strands (Weinstein 1932c). 

It is not necessary however to assume that orientation of genes at one 
level is random with respect to all other levels; but only that it is random 
with respect to the next level at which crossing over occurs--- a considerable 
distance, being in the X chromosome of Drosophila some 14 units or about 
one-fifth of its genetic length. It would be sufficient if within this distance 
orientation of genes were random on two sides of one interlocus; or if genes 
did tend to form two strings, but the tendency of two genes to remain in 
the same string decreased with distance between them and finally disap¬ 
peared when the distance became long enough for a second crossing over 
to occur. This might help to explain also why there is crossing over at all. 

(3) It is difficult to understand why two chromatids that are sufficiently 
closely associated to exchange parts arc no more likely to associate to¬ 
gether at the next crossing over than either is to associate with a third. If at 
levels sufficiently far apart the orientation of sister genes is random, this 
difficulty disappears. 

Thus all three difficulties suggest that the two chromatids of a chromo¬ 
some are not entirely separate strands, and two of the difficulties can be 
explained if the orientation of sister genes at one level is random with re¬ 
spect to the sister genes of the same chromosome at other levels at which 
crossing over occurs. 

The limitation of crossing over at a given level to two chromatids re¬ 
quires however further explanation. If both sister genes are already formed 
at the time that crossing over occurs, it must for some reason be difficult 
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or impossible for both to become detached from their neighbors in the 
chromosome. This might be due to the persistence of a material connection 
between successive genes, or of some physical force. 

It is possible however that both sister genes are not already formed be¬ 
fore crossing over takes place; particularly if the new genes are formed not 
by division of the old ones but by being catalyzed by them. I'he limita¬ 
tion of crossing over could then be explained if the old genes remain linked 
at the points of crossing over and only the new genes can become attached 
to new genes of the other chromosome, more or less as Belling (1933) 
postulated. This might be brought about by the formation of the new 
genes on different sides of the old genes at different levels. 7'here would 
still however have to be emerging chromatids made up of old and new 
genes of the same chromosome, to account for progressive crossing over; 
and this would come about if as the chromatids separate, old and new 
genes move at random at different levels of crossing over, as has been sug¬ 
gested above. 


historical note 

The part of the present investigation dealing with random recurrence 
and constant p was carried out in 1928. An abstract published in that 
year (Weinstein 1928) included a statement of the problem, the general 
formula numbered 2, the invariance of coincidence under certain condi¬ 
tions, and the applicability of the method to attached X\s and polyploids, 
'rhe conclusion w^as drawn that association of strands in crossing over can 
not be entirely a matter of chance; this was based on the application of 
the formula for various values of p, including 1/3 (free sister-strand cross¬ 
ing over) and 1/2 (no sister-strand crossing over). The crossover frequen¬ 
cies worked out by Belling (1931) and Sax (1932) correspond to the case 
p = 1/2 if different classes of the same rank are not separated. 

The theory w^as generalized by Weinstein (1930); and the complete 
theory was presented in a paper and exhibits at the Sixth International 
Congress of Genetics (Weinstein 1932a, 1932b). The exhibits included the 
originals of all the figures in the present paper, but the additional data 
based on table 8 have since been added to figure 4. The work on attached 
X’s and triploids was reported in the same year (Weinstein 1932c). 

The derivation of formulas by sets of equations, as given in the present 
paper, was included in the writer's report before the Congress of Genetics 
in 1932. Special cases of such sets of equations have since been used by 
Mather (1933, 1935) and Kikkawa (1934). 

I wish to thank Miss Grace E. Jones of the University of Minnesota for 
drawing figure 3; and Mr. A, 0. Babendreier of the Johns Hopkins Uni¬ 
versity School of Engineering for drawing figures 1, 2, and 4. 
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INTRODUCTION 

I N DESCRIBING the chromosome configurations in certain trisomic 
Oenotheras, Catcheside ( 1933 ) has shown how the origin and charac¬ 
teristic behavior of the trisomic forms can be accounted for by the trans¬ 
location interpretation of multivalent ring formation.’ There are, however, 
so many respects in which the trisomic derivatives of the Oenotheras differ 
from those of other organisms that a fuller discussion of the entire problem 
is desirable. Since the derivatives of Oenothera Lamarckiana have been 
studied in greater detail than those of other species, the following dis¬ 
cussion will be confined almost entirely to the former, though the situa¬ 
tions described should be very much the same in other species of the genus 
in which there are large chromosome rings. 

The principal respects in which the trisomics of Oe. Lamarckiana differ 
from similar forms in other genera are: i, the higher frequencies in which 
the trisomic forms appear in the progenies of diploids; 2 , the larger number 
of distinct trisomic types produced directly from the diploid; 3 , the larger 
number of “secondary” trisomic types produced in the progenies of the 
“primaries”; 4 , the production of identical types both as “primaries,” 
directly from the diploid, and as “secondaries,” in the progenies of other 
trisomics; 5 , the dissimilar breeding behavior observed in different tri¬ 
somics: whereas certain trisomic derivatives of Oe. Lamarckiana always 
throw the ancestral, diploid type in their progenies, as do the trisomics of 
most other organisms, other trisomic derivatives of Oe. Lamarckiana breed 
true for the trisomic condition. 

By the application of the translocation interpretation to the observed 
cytological behavior of the diploid and trisomic forms, these peculiarities 
of the Oenothera trisomics may be readily accounted for. The following 
sections of the present discussion will treat each of these peculiarities 
separately in their relation to the currently accepted interpretations. 

CHROMOSOME DISJUNCTION IN HETEROZYGOUS TRANSLOCATIONS 

In forms heterozygous for a reciprocal translocation, the four chromo¬ 
somes which make up the closed ring may separate in any of three ways 

* Earlier, Clelanii (1929b) had discussed the relation of non-disjunction of ring-chromosomes 
to the production of trisomics, but this was not done in relation to the translocation interpreta¬ 
tion and consequently certain erroneous conclusions were drawn. 


Gsnstics ax: 200 May 2936 
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in the first meiotic anaphase. Only one of these types of disjunction gives 
products carrying the full complement of chromosome ends, and this is 
the type illustrated in figure lA in which the chromosomes assume a zigzag 
orientation on the meiotic spindle so that each chromosome separates from 
the two adjacent chromosomes which are’homologous to it over parts of 
their lengths. In the other two types of disjunction (figures iB and iC), 
adjacent chromosomes pass to the same pole, and the products in each 
instance are deficient for one chromosome arm and carry another arm in 
duplicate. 

1-2 4*3 'normaT* compiemeni 



14 2'3 translocation complement 

12 2*3 duplication 2 deficiency 4 

•C3 1 

14 4*3 duplication 4 deficiency 2 

2*3 3*4 duplication 3 deficiency I 

O I 

2*1 1*4 duplication I deficiency 3 

Figure i. —Diagrams of the three types of (iisjunction possible in a ring of four chromosome 
The arrows indicate the directions in which the chromosomes separate. 

In Drosophila melanogasler, gametes carrying a net duplication for one 
chromosome arm and a deficiency for another are functional provided they 
meet gametes carrying the complementary product of the same type of 
disjunction (B or C figure i). Genetic data indicate that the regular, zigzag 
disjunction occurs in approximately 6o percent of the instances in one such 
translocation (Dobzhansky and Sturtevant 1Q31), and one or the other 
of the two non-disjunctional types in the remaining instances. 

In plants, on the other hand, microsp)ores receiving a deficiency for one 
chromosome arm and a duplication for another do not develop into func¬ 
tioning pollen. Zea mays heterozygous for a reciprocal translocation pro¬ 
duces, in most instances, about 50 percent of small, empty pollen grains, 
and the regular, zigzag disjunction has been observed to occur in about 
half of the microspore mother-cells and the non-disjunctional types in the 
other half (Brink and Burnham 1929, Burnham 1930, McClintock 
1930, Brink and Cooper 1932). 
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In Oenotheras heterozygous for a single reciprocal translocation, the 
ring chromosomes almost invariably separate in the regular, zigzag man¬ 
ner. Such an oenothera is the hybrid fiavens stringens in which Cleland 
and Oehlkers ( 1930 ) found but two instances of non-disjunction in a 
total of 109 sporocytes examined. Consequently there is little or no bad 
pollen produced by oenotheras with small rings of chromosomes; for ex¬ 
ample velans ’^'Hookeri, Davis’ strain of Oe, franciscMna, etc. In oenotheras 
heterozygous for a large number of translocations, that is in oenotheras 
with large rings of chromosomes, the non-disjunctional types occur more 
frequently. These types of disjunction will be described for Oc. Lamarcki- 
ana. 

CHROMOSOMAL CONSTITUTION OF OK. LAMAKCKIANA 

Oenothera Lamarckiana is a heterogametic species in which one haploid 
set of chromosomes is not identical with the other. Of the seven chromo¬ 
somes making up each set, only one is common to both; the remaining 
six chromosomes of one set represent translocations of the six remaining 
chromosomes of the other set. Hence, in the ordinary diploid form of this 
species there are thirteen chromosomes of more or less different homologies, 
only one of which is represented in duplicate. 

1*2 3-4 910 12-11 13-14 7-6 8-5 velans 

ft ftAAft^vQ 

1-2 J'9 if/2 1012 tf'7 0 5 gaudens 

Figufe 2.- Diagram of the chromosome configuration at metaphase or early anaphase in 
Oe. Lamarckiana. 

Note—In this and succeeding diagrams the following conventions arc used the ring-chromo> 
somes belonging to the gandens complex are distinguished by dots within the chromosomes and 
by sloping numerals (in the text these chromosomes are represented by Italics, the velam ring- 
chromosomes and the pairing chromosomes by Roman type); whenever the chromosomes form a 
closed ring, as in this diagram, the ring is represented in .side view with the chromosomes in the 
foreground drawn in solid black and those in the background lightly shaded. 

The two haploid sets of chromosomes in Oe. Lamarckiana are known 
respectively as the velans and gaudens complexes. All the chromosomes 
making up the velans complex have been identified (Cleland and Blakes- 
LEE 1930 , Emerson and Sturtevant 1931 , Renner 1933 ). The chromo¬ 
somes of velans are designated 1 - 2 , 3 4 , 5 - 8 , 6 - 7 , 9 10 , 1112 , 13 14 , in 
which each number represents a particular chromosome end. The chromo¬ 
somes of the gaudens complex have not been completely identified. 
Chromosomes i 2 and 5 <5 are known to be present in this complex, and 
one of the remaining possibilities for the other chromosomes is 3 ■ p, 4 • /r 
71 J, 8 14 , 10 13 , which will be used tentatively in this treatment for 
which an exact identification is not essential. 
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The pairing of homologous regions of the chromosomes of the two com¬ 
plexes brings twelve of the chromosomes into a large ring in which the 
chromosomes of velans and gaudens must alternate as indicated in the 
accompanying diagram (figure 2 ). Then the regular, zigzag disjunction of 
chromosomes in anaphase must separate the velans ring-chromosomes 
from those of gaudens and only the two normal complexes should result. 


IRREGULAR DISJUNCTION OF CHROMOSOMES 

While, as a rule, adjacent ring-chromosomes pass to opposite poles in 
meiosis, it is often observed, especially in the case of large rings, that ad¬ 
jacent chromosomes may pass together to the same pole. Cleland ( 1929 a) 
examined 358 microsporocytes of Oe. Lamarckiana in each of which the 
ring of twelve chromosomes was intact Of these 67 , or 18.7 percent, had 
irregularities in the zigzag arrangement of chromosomes. 

In a ring made up of an even number of chromosomes such irregularities 
cannot occur singly, since if two adjacent chromosomes pass to one pole 
it is impossible for all remaining chromosomes to assume the zigzag 
orientation. The two sets of irregularities which must occur may have 
different relative positions in the ring, and the products resulting will 
differ depending upon the positions of the irregularities. 


I‘2 


4-3 12*11 //•/ 910 6 5 1314 


/dupiicatton 11 
\deficiency 8 


1*2 


If t 2 


39 




7 6 /ei3 5 8 s/9 


/duplication 8 
Ideficiency II 


Figukk - Xon-disjunction of rinj;-chromosomes in Oe I.nmarckiaiia from which seven 
chromosomes are recovered in each product 


Numerically -equal non-disjunction 

In those instances in which one set of irregularly disjoining chromo¬ 
somes passes to one pole and the other set to the other pole (see Cleland 
iQ 29 a, figure 23 ) the disjunction of chromosomes is numerically equal. In 
this sort of separation, however, the two complexes are not recovered in¬ 
tact, but at each pole.there is a mixture of velans and gaudens chromosomes. 
At one time (Cleland 1929 b) it was thought that such irregularities might 
be the basis of genetic cros.sing over in these forms. Since the establishment 
of the translocation hypothesis of ring formation, however, it is known 
that such irregularities in disjunction must give rise to inviable products 
which will contribute largely to the bad pollen and inviable eggs observed 
in Oe. Lamarckiana. The distribution of homologous segments of chromo¬ 
somes in disjunctions of this sort is illustrated in figure 3 . One daughter 
cell receives one chromosome arm in duplicate, for example arm n, but 
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lacks another arm entirely, arm 8 in this instance, whereas the other 
daughter nucleus fails to receive the former and has the latter in duplicate. 
Spores in which there is a deficiency for one chromosome arm and a 
duplication for another generally fail to produce functioning pollen, as has 
been well illustrated in the different examples of translocations in Zea 
(Brink and Burnham 1929 , Burnham 1930 , Brink and Cooper 1932 , 
etc.). 

Numerically unequal disjunction 

In other instances (Cleland 1929 a, figures 25 , 26 , Cleland and 
Oehlkers 1930 , figures il), 4 D, 6 H, 9 E, iiF, 12 E, 12 H, etc.), both sets of 
irregularly disjoining chromosomes pass to the same pole, resulting in an 
unequal distribution in which six chromosomes pass to one pole and eight 
to the other. Examples of this sort are illustrated in figures 4 to 6 . The 
daughter cell receiving six chromosomes is deficient for two chromosome 
arms (ii and 14 figure 6 ) and should fail to develop either as megaspore 
or microspore. The cell receiving eight chromosomes, however, has a full 

I 2 12-11 4-3 7-6 t S 5-6 9-10 14-13 complex. 3 



1-2 tf-V //■7 39 a-M it /3 deficiency 5-6 

Figure 4 .-- Non-disjunction in which three adjacent ring-chromosomes pass to the same pole, 
resulting in an 8 to 6 distribution of chromosomes. 


complement of chromosome arms and, in addition, two arms in duplicate 
(ends II and 14 in the example illustrated). Eight-chromosome complexes 
of this sort generally fail to function as pollen but are readily transmitted 
through the eggs. 

Cleland ( 1929 a and Cleland and Oehlkers 1930 ) has studied the 
frequency in which such numerically unequal divisions occur in different 
strains of Oe. Lamarckiana. The observed frequency was about 10 percent 
in the “1912 selfed” strain of Shull, the Lamarckiana of de Vries and in 
the r-Lamarckiana of Renner, but approximately 20 percent in the “1910 
selfed” strain of Shull and in Oe. Lamarckiana cruciata. 

In the 8 -chromosome products of such irregular disjunctions there arc 
mixtures of velans and gaudens chromosomes; the extent of the mixing 
depends upon the relative positions in the ring of the two sets of irregularly 
disjoining chromosomes. In certain instances, such as illustrated by 
Cleland and Oehlkers 1930 , figure 12 E, three adjacent chromosomes 
may pass to one pole, in which case the cell receiving eight chromosomes 
has either a complete set of velans chromosomes together with one from 
gaudens (figure 4 ), or a complete set of gaudens chromosomes and one from 
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velans, depending upon the exact positions of the irregularities. Since there 
are twelve positions in the ring at which such irregularities may occur, 
there will be twelve different 8 -chromosome complexes (those numbered 
I to 12 in table i) arising from this particular sort of disjunction. 

Following a second type of unequal distribution, in which the two sets 
of adjacent chromosomes which pass to the same pole are separated by one 
chromosome which goes to the opposite pole (figure 5 ), the 8 -chromosome 
products will again have seven ring-chromosomes, but there will be either 
five velans and two gaudens, or two velans and five gaudens. In each of the 

12 4*3 1211 //•/ 9-10 6 5 5*8 13-14 complex no 15 



12 H 2 yo 7-6 1013 614 deficiency 5HI 

Figure 5 .- Non-disjunction in ^k^hich the 8 -chromosome products have 7 ring chromosomes, 
including either 5 velans and 2 gaudens or 2 velans and 5 gaudens. 

twelve different 8 -chromosome complexes (13 to 24 in table i) which arise 
from this particular type of disjunction, there is no one particular chromo¬ 
some which can be considered as an extra chromosome; instead, such com¬ 
plexes carry net duplications for tw'o chromosome arms which taken to¬ 
gether do not represent any chromosome normally present in Lamarck tana. 
The same is true of the twelve complexes (25 to 36 in table i) arising in 
the manner illustrated in figure 6 . In such cases there are three regularly 
disjoining chromosomes lying between the two sets of non-disjoining 
chromosomes, and the 8 -chromosome products have either four velans 

I 2 12*11 /// 4 3 6 5 910 6 /4 14-13 complex no 28 



1*2 / 2'4 7 6 3 9 5*8 / 9/3 deficiency 11+14 

Figure 6 —Non-disjunction with 3 regularly disjoining chromosomes lying between the 2 
sets of non-disjoining chromosomes, giving 8 -chromosome products with 4 velans and 3 gaudens 
ring-chromosomes, 

ring-chromosomes and three gaudens, or three velans and four gaudens, 
again depending upon the exact positions of the irregularities. 

There is thus a total of thirty-six complexes with extra chromosomes 
which can arise directly from Oe. Lamarckiana as a result of irregularities 
in the distribution of the ring chromosomes. All these are composed of 
mixtures of velans and gaudens chromosomes in varying degrees. In addi¬ 
tion, each represents a net duplication for two chromosome arms, but, as 
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Table i 


The thirty-six different S-chromosome complexes produced directly from 
Oe. Lamarckiami hy irregular chromosome disjunction. 


I 

I • 2. .r 4,.? 0. s ■ 8, 6 

• 7 , 

9 

2 

I 2, 3 4, ^ /•?, S ' 8, 6 

■7, 

0 

3 

I ■ 2, 3 ■ 4> 5 ■ <5. 5 -8, 6 

■7, 

9 

4 

I • 2> 3 4, S 8, 6 7, 7 


9 

5 

I 2, 3 4. S 8, 6 7, Ji 

/-/, 

9 

6 

1 2. 3'4. 5 8, 6 -7, 9 

10, 

10 

7 

f2, 3'4, .ro, 4 12, 5 


7 

8 

1-2, j 9, 4 12, 5 -6, 5 

8, 

7 

9 

\ - 2, 3 Q, 4 12, s 6, 0 

7, 

7 

IO 

\ -2, 3-g,4 -12, 3 6, 7 


8 

11 

I - 2, 3 Q, 4 -12, 5 -6, 7 


8 

12 

• 2. 3 9, 4 12, 6, 7 


8 

U 

J 2. 3 4> 7'P, S 8, 6 

7, 

10 

14 

I 2, J 4, 4 12, 5 8, 6 

7» 

7 

15 

J 2, J 4, ,5 6, 5 8, 7 


9 

lO 

I ■ 2. 3 4. / 75, 6 ■ 7, A' 


9- 

17 

1-2, 3 4, S '8, b y, S 


9 

18 

1-2, 3 g, 4-12, s 8, 6 

7, 

9* 

19 

7 2. 3-4, .7 0. 5 <5, T 

//. 

8 

20 

I 2, 3 4, 4 -12, 36, 7- 


8' 

21 

I 2, 3 g,4-12, 3 6, s 

87 

7 ' 

22 

1- 2, 3-Q, 4'12, 3 6, 6' 

7 , 

8' 

22 

i ■ 2, ? 9, 4 -12, 3 -6, 7 

Ilf 

8- 

24 

1-2, 3 g, 4-12, S'8, 6' 

7, 

7 

25 

1 -2, 3-4, J t'. S 8, 6 

7, 

8 

26 

I 2, 3 • 4, 4 12, 3 6, s 

8, 

7 

27 

1-2,3 4 , 5 - 6 , 6 7, H 

/•/7 

9 

28 

1 - 2 , i - 4 , 3 - 6 , 7 12, A 

/77 

9 

29 

1 2, J 9, 4-12, s-8, 6 

7, 

7 

30 

i 2, 3 9,4-12, 5-8, 6' 

7, 

10 ’ 

31 

i- 2,3-4 ,j- 9, 3 - 6 , 6' 

7, 

8 

32 

1-2, 3 4, 4 -12, 3 6, 7 


8' 

33 

^-2,3-4,5 6, 7-22,8- 

/4 

9 ' 

34 

2 -2, 3-9, 4-22, 3-6, 5- 

8, 

7' 

35 

2-2, 3-9,4 22, S ' 8 , 6 - 

7, 

7' 

36 

2-2, 3-9,412, s-S, 6- 

7» 

8' 


lo, II- 12 , • 14 -velans'h J’ Q 

10 , II 12 , 13 14 - velans’^’ 4'12 
10 , 11 - 12 , 13 14 velans-^ y d 

10, II 12, 13 14" velans-^ 7 -// 

10, 11-12, 13 14 -velans+ S 14 

jy, 11 12, 13 14 -velans-^ to ly 

11, S'14, JO iy—gaudens-\- 3-4 
//, 8 14,10 jj gaudens~{- 5 8 
Ilf 8 J4f io jj- gatidens-^’ 6-7 

i4f ()'lOf IO -ij ~gaudens+ g 10 
14, JO 1 jf II 12— gaudens-i-ii 12 
14f 10 jjf 13 14—gaM</eH5-i-i3 14 

/j, 11 12, 13 14 duplication 3-+-I3 

l f, g 10, 13 14 duplication 4~f7 
10,11 12, 13-14 duplication 5+M 

IO, 11*12, 13 14 -duplication 6+14 
IO, id) /3, II 12—duplication S-fio 
10, II -12, 13-14—duplication 9-I-12 

14f lO ’Jjf II 12 - duplication 3-4‘ii 
14, Q IO, IO ly —duplication 44-10 
/i, JO-/j, 13 • 14 duplication s4ij 

14, IO rj, 11*12 duplication 6412 
14, 9 IO, 13 14 ' duplication g4i4 
iif 8’i4fj() z ? duplication 748 

i4fjO'ijfii 12 -duplication 348 
11 f 9*10,13*14 duplication 44 s 
IO, IO / ?, II * 12 ' duplication 64 io 

IO, 21-12, 13-14- duplication ii 4 i 4 
Jif 9 IO, 13 14—duplication 74g 
i3f 11-12, 13-14 -duplication i24t3 

I4f JO ' 13f 11-12 duplication 346 
J4f 9*10, 13 * 14 —duplication 4414 
IO, lo ' 13, 11 • 12—duplication io 4 i i 

Ilf 9-10,13-14—duplication 549 
I If IO' i3f 13 - i4'--duplication 7413 
i4f JO' i jf 11 -12—duplication 8412 
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can be seen from table i, no single whole chromosome is represented twice 
in any one of these 8 -chromosome complexes. Each of the first twelve com¬ 
plexes listed has a complete set of the chromosomes of one of the typical 
complexes (either velans or gaudens) and one chromosome of the other 
complex in addition. In these the net duplication corresponds to one of the 
chromosomes normally present in the diploid form. In the remaining 
twenty-four extra-chromosome complexes, however, the net duplication 
is in each instance for two arms which, taken together, do not correspond 
to any chromosome of either complex of the parent form. Phenotypically 
the first twelve may be considered as primary “trisomic” complexes and 
the remaining twenty-four as tertiary in that the net duplications represent 
possible new translocations. Actually, however, no new translocations are 
involved. 

All trisomic types occurring in the progenies of triploids should be ob¬ 
tainable directly from the diploid as a result of irregular chromosome dis¬ 
junction. The only possible exception is the trisomic for chromosome 12 , 
the pairing chromosome in Oe. Lamankiana. This trisomic is expected in 
the progeny of triploids, but only following non-disjunction of the pairing 
chromosome in the progeny of the normal diploid. The complexes (either 
velans or gaudens) carrying 1 2 as a duplication together with the thirty- 
six complexes listed in table 1 are the only 8 -chromosome complexes that 
can be produced by triploids. It might be supposed that 8 -chromosome 
complexes with net duplications other than those already listed might 
occur, but it is impossible to con.struct such complexes from the chromo¬ 
somes present in the triploid form, in which no chromosomes not repre¬ 
sented in the diploid form are to be found. For example, there is no 8 - 
chromosome complex listed with the net duplication 3 + 5 . To derive such 
a complex from a triploid form it would be necessary to recover two 
chromosomes containing end 3 and two with end 5 . These must be 3 • 4 and 
5 8 of velans and j g and 5 6 of gaudenSy since there is no chromosome 3 • 5 
present. Each of the remaining chromosome arms must be represented 
once and only once to give a viable 8 -chromosome complex. Ends i and 2 
will be represented by chromosome 1 - 2 . End 7 must be represented by 
chromosome 7 /2 of gaudensy since 6 7 of velans would make the complex 
a net duplication for end 6 in addition to ends 3 and 5 . End 10 must be 
represented by 10 13 of gaudens since 9 -10 of velans would again produce 
a further duplication (for end 9 ). This leaves ends 12 and 14 to be repre¬ 
sented and there is no single chromosome in either velans or gaudens carry¬ 
ing these two arms. Hence it is not possible to have an 8 -chromosome 
complex with a net duplication for arms 3 and 5 , unless a new translocation 
occurs. Similar arguments show that no net duplications other than those 
listed in table i, except i • 2 , can arise directly from triploid Lamarckiana. 
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TRISOMIC TYPES FROM THE 8 -CHROMOSOME COMPLEXES 

Were it not for the zygotic lethals carried by certain chromosomes of 
velans and gaudens, each of the thirty-six 8 -chromosome complexes listed 
in table i should function in two distinct trisomic types, one in conjunc¬ 
tion with the normal velans complex and the other with gaudens. As it is, 
these characteristic zygotic lethals must greatly reduce the number of 
trisomic forms obtainable. 

The particular trisomic types to be expected cannot be definitely de¬ 
termined until the loci of the zygotic lethals are established. Renner 
( 1933 ) shown that the velans zygotic lethal is carried either in chro¬ 
mosome 5 8 or in 6 7 , but until the chromosome arm in which it is carried 
is established we shall not know which chromosome of gaudens carries the 
normal allelomorph of this lethal. The situation is further complicated by 
our present inability to determine definitely all the chromosomes making 
up the gaudens complex. If gaudens actually carries the chromosomes 
tentatively ascribed to it above, the normal allelomorph of the velans 
lethal may be in any one of chromosomes 5 6 ^ y ' 11 , 8 14 . The gaudens 
zygotic lethal could then be shown to be carried in one of chromosomes 
3 g ,4 12 , JO / 9 , or the ii-arm of 7 i/, since none of the gaudens chromo¬ 
somes present in ^^deserens carries the gaudens lethal; but here again the 
chromosome identifications in ^deserens depend in part upon those tenta¬ 
tively ascribed to gaudens. The normal allelomorph of the gaudens lethal 
would then be in one of the velans chromosomes 3 4 , 9 - 10 , ii - 12 , 13 14 . 

Without knowing the exact positions of the lethals in the chromosomes, 
however, it is still possible to determine the number of different types of 
trisomics that can be obtained. In table 2 the possible lethal situations 
for each of the 8 -chromosome complexes of table i arc listed. From this 
table it can be seen that, regardless of the exact location of the lethals, 
some complexes will be effectively lethal-free and capable of functioning 
with both velans and gaudens. Others will carry one lethal, and not the 
normal allelomorph of that lethal, and consequently can function with only 
one Lamarckiana complex. Still others may carry both lethals and neither 
normal allelomorph and consequently will never occur in a viable tri¬ 
somic type, since such complexes will be inviable with either normal 
velans or normal gaudens. 

From table 2 it can be seen that complexes i to 6 , in which there is a 
full complement of velans chromosomes with the extra chromosome from 
gaudens, will each form viable trisomic types with the normal gaudens 
complex regardless of the location of the gaudens lethal; and no matter 
which chromosome arm carries the velans lethal, one and only one of these 
complexes will also be capable of functioning with velans. The particular 
8 -chromosome complex that can function with both velans and gaudens, 
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^ Table 2 

The distribution of lethals in the various 8-chromosome complexes for all possible positions of the 
lethals. Symbols: J^lethal present; c^lethal present but covered^' by presence of 
[normal allemorph; lethal absent. 
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however, can be definitely determined only when the exact position of the 
lethal is known. Similarly, complexes 7 to 12 will each form viable zygotes 
with velans and one of them will also be capable of functioning with 
gaudens. 

Among complexes 13 to 18 , in which two of the ring-chromosomes have 
been derived from gaudens and the remainder from velans, there must be 
one complex which will be lethal with gaudens, but there will also be two 
complexes which will not be lethal with velans. Similarly, among complexes 
19 to 24 , five must be capable of functioning with velans and two with 
gaudens. Only four of complexes 25 to 30 can function with gaudens, 
but three must form non-lethal zygotes with velans, and similarly in com¬ 
plexes 31 to 36 there will be four which form viable products with velans 
and three with gaudens. 

Hence, no matter where the characteristic zygotic lethals of velans and 
gaudens are located, there must be a total of forty-two different trisomic 
types resulting from the thirty-six complexes listed in table i. These, to¬ 
gether with the form trisomic for chromosome i 2 , represent all the tri¬ 
somic types that can arise directly from either the diploid or triploid forms 
of Oe. Lamarckiana. 

GENETIC AND CYTOLOGICAL C HARACTERISTK^S 
OF THE DIFFERENT TRISOMK'S 

The forty-two different trisomics resulting from the thirty-six 8 -chro- 
mosomc complexes of tables i and 2 fall into six groups, or classes, each 
with its own peculiar cytological and genetic potentialities. All members 
of each group should have identical chromosome configurations, but they 
may be divided into sub-groups on the basis of the preponderance of velans 
or gaudens chromosomes. 

Chromosome configurations 

Group I. To the first group of trisomics belong all those that have a 
complete set of the chromosomes normally present in Oe. Lamarckiana 
with one of the ring-chromosomes present as an extra chromosome. There 
are twelve possible trisomics of this sort. Each of complexes 1 to 6 (table 
i) has a complete set of velans chromosomes plus one gaudens chromosome, 
and each will form a viable compound with the normal gaudens complex 
(table 2 ). Similarly, each of complexes 7 to 12 carries a complete set of 
gaudens chromosomes together with one from velans, and each forms a 
viable product with normal velans. 

Since the chromosomal constitutions of these twelve trisomics are 
similar, any one may be used as an example to illustrate the meiotic con¬ 
figurations possible in this group. The trisomic ‘‘complex- 3 is 
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chosen as such an example and the principal configurations are dia¬ 
grammed in figure 7. The pair 1-2 must always be present, but the re¬ 
maining chromosomes may be arranged in various ways. If all homologous 

I 2 1314 10-9 8 5 5‘6 6 7 3 4 II12 complex no 3 
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Figure 7. Chromosome conligurations in the trisomic “compleX '3 • gawrfewj.** 

ends are associated, the two identical chromosomes of gaudens will con¬ 
stitute a pair intercalated in a closed ring by triple junctions (figure 7A). 
All other possible configurations have incomplete association of homol- 
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ogous ends. The extra chromosome may appear as a univalent with the 
remaining chromosomes forming a closed ring of twelve (figure 7B); or 
the extra chromosome may pair with its homolog leaving the remaining 
chromosomes to form an open chain of eleven (figure 7F); or all thirteen 
ring-chromosomes may be associated in three different ways to form an 
open chain of thirteen (figures 7C, D and E). 

As an example of trisomics possibly belonging to this group, mut. stricia 
seems to be the best so far studied among the Lamarckiana derivatives. 
HAkansson (1930) has observed a chain of thirteen and one pair in cer¬ 
tain sporocytes and a chain of eleven and two pairs in others. Oe. nutans 
mut. nanella is a similar trisomic except that it has arisen from a diploid 
form with a ring of fourteen chromosomes. Catcheside observed many 

1-2 6-5 5-8 1413 10*9 3-4 1211 //•/ complexnolS ‘ 

I 2 6-5 S tt O-H S-3 4/2 117 jaudens 

12 5 6 5-8 14-13 10 9 3-4 1211 r-n 

•00^AAAA/^T 

12 3 4 «-/V nn s-3 412 u-r jaudens 

1-2 5 6 5 8 14-13 10-9 3-4 12-11 /// 

I'2 65 e-m /3f0 9’3 If/2 U/ gaudens 

Figure 8 .—Chromosome configurations in the trisomic “complex -15 gaudens,^* 

different configurations: a chain of fifteen, a chain of thirteen and one pair 
free from the chain, a chain of thirteen with the pair attached at one end 
by a triple junction (Catcheside, 1933 figs. 2b, 2e and 2f respectively). 

Group 2. In the second group there are two chromosomes, in addition 
to 1-2, carried by both parental complexes, permitting a maximum of 
three pairs in meiotic prophase. In each of complexes 13 to 18 (table 1) 
there are two of the gaudens ring-chromosomes and five of these com¬ 
plexes (table 2) are viable with normal gaudens. Similarly, complexes 19 
to 24 have each two of the velans ring-chromosomes and five of these 
complexes are viable with velans. The chromosome configurations in each 
of these ten trisomics will be sometimes a chain of thirteen and one pair 
(figure 8C), sometimes a chain of eleven and two pairs (8B), and other 
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times a chain of nine and three pairs (8A). The extra chromosome pairs 
may be separate from the chain (8B) or either or both may be attached 
to the ends of the chain by triple junctions as illustrated in figure 8A. 

Group j. The trisomics belonging to the third group will always have two 
chromosome pairs but may have a maximum of four pairs, with the re¬ 
maining chromosomes forming a chain in each instance. Figure 9 illustrates 
the configuration resulting from complete association of homologous ends, 
from which the other possible configurations may be inferred. The tri¬ 
somics belonging to this group arise from unions of gaudens with the four 

12 /2V 4 3 9-10 13*14 8'5 5 6 7 /1 complex no 26 

CC^/V^^3C I 

12 39 1013 /V« S6 7II jsudens 

Figure 9.-- Basic configuration in the trisomic “complex-26 gaiidem ” 


complexes of 25 to 30 (table i) which effectively lack the gaudens lethal 
(table 2) and from unions between velans and the four complexes of 31 to 
36 which effectively lack the velans lethal. 

Mutation curia may be an example of either group ‘2 or group 3. The con¬ 
figurations observed in this form were either a chain of nine and three 
pairs or a chain of eleven and two pairs (HAkansson 1930). 

Group 4, In addition to the four complexes of 25 to 30 which effectively 
lack the gaudens lethal, three of these complexes (including at least one 
which lacks the gaudens lethal) either have no velans lethal or have it 

12 3*4 v/2 //•/ 6 5 5*8 910 1314 complex no 26 

oc^v^aoo I 

1*2 3*4 12-11 • 7 6 5 8 9-10 13-14 velans 

Fk’.ure 10 Basic configuration in the trisomic “complcx-20 velans ” 


covered by the normal allelomorph. These three complexes can thus pro¬ 
duce trisomics from unions with normal velans. Similarly, three complexes 
of 31 to 36 can unite with gaudens to give viable products. These six 
trisomics belong to the fourth group in which the chromosome configura¬ 
tion varies between a chain of nine and three pairs, at one extreme, and a 
chain of five and five pairs at the other extreme (figure lo). 

The trisomic form, mut. oblonga, studied by Cleland (1923) may belong 
to this group. The observed configurations varied between a chain of 
nine and three pairs, and a chain of three and six pairs; a ring of five 
chromosomes was sometimes observed. This would seem to be too wide a 
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range of variability for any one trisomic type. Unquestionably, several 
different trisomic types have been designated oblonga; de Vries (1929, p. 
130) reports a trisomic, persicaria^ which occurs in large numbers in the 
progeny of mut. scintillans, but which had previously been overlooked 
and may have been confused with oblonga. Cleland does not state the 
origin of his material and it is not certain whether or not he was dealing 
with a single type. 

Group 5. The trisomics belonging to the fifth group arise from the two 
complexes of 13 to 18 which effectively lack the velans lethal when these 


12 3-4 8-5 5 6 7 ft IM2 910 13*14 complex no 15 


3*4 8*5 6*7 11-12 9*10 13*14 velans 

Figure h.—B asic configuration in the trisomic “complex-is i'r/(i»t.” 


have united with velans, and from unions of gaudens with the two com¬ 
plexes of IQ to 24 which effectively lack that lethal. These four trisomics 
have configurations varying between a chain of seven and four pairs and 
a chain of three and six pairs as extremes (figure ii). 

Group 6. The remaining two trisomics should have chromosome con¬ 
figurations varying between a chain of five and five pairs, at one extreme, 
and seven pairs and a univalent at the other (figure 12). One of these arises 
from a union of velans and that complex of 1 to 6 which carries the normal 
allelomorph of the velans lethal, and the other from a union of gaudens 

12 3 4 8-5 5-S 6-7 9-10 11-12 13-14 complex no 3 

OOC-OOOO 

1*2 3 4 8 5 6*7 9*10 IH2 13*14 velans 

Figure 12.—Basic configuration in the trisomic “complex-.^ velons” 


with the complex among 7 to 12 which has the gaudens lethal effectively 
suppressed. 

Breeding behavior 

Group I. The type of segregation occurring in the progenies of the vari¬ 
ous trisomics can be inferred from the chromosome configurations char¬ 
acteristic of each. In the trisomics belonging to the first group, as outlined 
above, the chromosomes may be oriented in several different ways on the 
meiotic spindle. Following the diakinesis configuration of a ring of twelve 
chromosomes, a pair and a univalent (figure 7B), the six velans chromo- 
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somes of the ring together with one member of the pair, 1*2, will pass 
to one pole, and the six gaudens chromosomes of the ring together with 
the other member of the pair will pass to the opposite pole, whenever 
the chromosomes separate in the normal, zigzag manner. The extra, 
univalent chromosome (5 6 of gaudens in the example illustrated) should 
pass to either pole at random. Hence, following this configuration, four 
products should be recovered in approximately equal frequencies: vclans; 
velans plus the extra chromosome; gaudens plus the extra chromosome; and 
gaudens. 

There are three different arrangements of chromosomes which result in 
the diakinesis configuration having a chain of thirteen and one pair. 
Regular chromosome disjunction following two of these arrangements (fig¬ 
ures 7C and 7E) yields two products only: vclans plus the extra chromo¬ 
some; and gaudens. From the other arrangement (figure 7D) the products 
arc: velans; and gaudens plus the extra chromosome. This configuration can 
thus produce the same four products as the i)rcceding, but they are not 
expected to occur in equal frequencies. The exact frequencies cannot be 
predicted, but the extra chromosome would be expected to accompany 
velans more often than not in the example illustrated. 

In all instances in which the extra chromosome has paired with its 
homolog (as in figures 7A and 7F), the extra chromosome must invariably 
accompany one particular complex, and this must be the velans complex 
in all trisomics of this group in which the extra chromosome came origi¬ 
nally from gaudens (as in example, figure 7); whereas in those trisomics 
in which the extra chromosome originaly came from velans it must regu¬ 
larly accompany the gaudens complex. Hence, in any one particular tri- 
somic, the four types of gametes produced should not occur in equal fre¬ 
quencies. In trisomics in which a gaudens chromosome is present as the 
extra chromosome, the products occurring in the higher frequency will 
be: velans plus the extra chromosome; and gaudens. In trisomics in which a 
velans chromosome is the extra chromosome, the more frequent products 
will be: vclans; and gaudens plus the extra chromosome. 

The inbred progenies of all trisomics of this group should contain typical 
diploid Lamarcki inOy from a union of velans with gaudens, as well as the 
parental trisomic type, which can arise either from velans plus the extra 
chromosome when fertilized by gaudens, or from gaudens plus the extra 
chromosome fertilized by velans. These trisomics which regularly throw 
the diploid form have been called ^‘dimorphic'’ mutations by de Vries. 
The following examples will serve to illustrate this type of segregation: 

cana selfed: 49 per cent Lamarckiam, 35 percent cana, 16 percent mutations; n = 180. 
pulla selfed: 80 percent Lamarckiana, 15 percent pidla, 5 percent mutations; n«66i. 
liquida selfed: 76 percent Lamarckiana, 16 percent liquida, 8 percent mutations.; n = 507 
cucumhis selfed: 89 percent Lamarckiana, ii percent ciicumbis: na*42o 
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The data quoted are all from de Vries, the first three from the 1925 paper, 
the last from the 1929 paper. 

The product formed when a velans gamete fertilizes a gamete carrying 
velans plus the extra chromosome will be lethal except in the one trisomic 
in which the extra chromosome is that one from gaudens which carries 
the normal allelomorph of the velans lethal. In that particular trisomic, 
one of the two trisomics belonging to group six should appear in the in- 
bred progeny in a relatively high frequency. If the trisomic in figure 7 is 
one of this sort, the trisomic in figure 12 should appear in its progeny. It 
is possible that the so-called accessory form, oblonga, appears in the in- 
bred progeny of scintillans in this manner. De Vries (1913) reported the 
following segregation in inbred scintillans: 66 percent Lamarckiana, 21 per¬ 
cent 12 percent ohlonga, 1 percent mutations; n 1259. Similarly, 

the product formed when a gatidens gamete meets gaudens plus the extra 
chromosome will be inviable except in the one trisomic in which the extra 
chromosome is that one from velans which carries the normal allelomorph 
of the gaudens lethal. 

The fact that the extra chromosome accompanies one complex more 
often than the other can be determined only in outcrosses. When the 
trisomic has been used as the female parent, the frequencies in which the 
extra chromosome appears in the velans and gaudens twins gives a direct 
measure of this preference. The following data from de Vries (1913) may 
be taken as an illustration: 
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lalaXHookeri 

43 

39 

17 

1 

1004 

lataXCockerelli 

48 

21 

31 

0 

1389 

lata X chicaginensis 

55 

21 

23 

1 

i093 


From these data it can be seen that the extra chromosome of lata goes most 
often with velans. In the haploid eggs of a trisomic of this sort, gaudens 
should be more frequent than velans, were it not that in the eggs of 
Lamarckiana itself, velans is much more frequent than gaudens. In out¬ 
crosses of Lamarckiana to the same pollen parents, de Vries (1916) ob¬ 
tained 82 percent velans twins and 18 percent gaudens twins. In Oe. 
Lamarckiana the frequencies of vdans and gaudens megaspores must be 
equal, yet most of the functioning eggs in these hybrids of de Vries are 
velans, indicating that the velans members of the megaspore tetrads de¬ 
velop into embryo sacs more often than the gaudens members (Renner 
1921). In the trisomic IcUa, there should be an excess of gaudens mega- 
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spores produced, but if the velans megaspores are more likely to develop 
into embryo sacs, the functioning eggs carrying velans might still be in 
excess. The ratio of functioning eggs in Lamarckiana was 4.6 velans to 
I gaudens^ and in lata 1.9 to i. The relatively higher proportion of gaudens 
eggs in lata must indicate that gaudens megaspores are produced in excess 
of velans. 

There should be the same difference in the frequencies of velans and 
gaudens in the microspores, and, since the 8>chromosome complexes are 
in viable in the pollen, the frequencies in which the two normal complexes 
are produced should be directly determinable from outcrosses in which 
the trisomics are used as pollen parents. Unfortunately, different out¬ 
crosses of Lamarckiana (de Vries 1913) show as great divergences in the 
velans-gaudens ratio as do outcrosses of the different trisomics to the same 
female parents. Hence it is unwise to attempt to distinguish between the 
sub-groups from such data alone. 

Trisomic for chromosome 1 2, The trisomic carrying a member of the 
paired chromosome, i '2, of Oe. Lamarckiana as the extra chromosome 
should resemble the members of group i in its breeding behavior. Since 
the extra chromosome may accompany either velans or gaudens, this tri¬ 
somic should also throw diploid Lamarckiana in its inbred progeny. How¬ 
ever, there should be no preference in the distribution of the extra chro¬ 
mosome, and velans and gaudens twins should appear in the same frequen¬ 
cies as in diploid Lamarckiana. This form can be easily recognized by its 
chromosome configuration which should be a ring of twelve and a trivalcnt 
group. 

Groups 2 to 6. The trisomics belonging to the remaining five groups can 
be distinguished from those just described in that following self pollination 
they should breed true for the trisomic condition and never segregate 
diploid Lamarckiana. These trisomics are classed as ‘‘sesquiplex’^ muta¬ 
tions by DE Vries. 

Each trisomic belonging to groups 2 to 6 is made up of one normal 
Lamarckiana complex, either velans or gaudens, and an 8-chromosome 
complex in which there is a mixture of velans and gaudens chromosomes. 
As can be seen from figures 8 to 12 only the two parental complexes can 
result from regular chromosome disjunction following any configuration 
that the diakinesis chromosomes may assume. In the examples in figures 
8 and 9, a complete set of gaudens chromosomes is always recovered at 
one pole and the eight chromosomes recovered at the other pole are in 
part velans and in part gaudens; in the examples in figures 10 to 12, the 
recovered products are velans and a mixed, 8-chromosome complex. Since 
the two parental complexes alone are recovered, these forms must breed 
true (homozygous velans and homozygous gaudens are lethal as in the 
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diploid). Ohlonga, albida, candicans, etc., are examples of true-breeding 
trisomics. 

Outcrosses in which these trisomics are used as the female parents segre¬ 
gate into two types: a trisomic arising from the 8-chromosome complex, 
and either the velans or the gaudens “twin’^ characteristic of similar 
Lamarckiana outcrosses. The following examples from de Vries (1913 and 
1923, respectively) illustrate this type of segregation: 

trisomics velan gaudens-iwin 

ohlonga'Kchicaginensis 19 % 81 % o 

delataXchicaginensis 46 % o 54% 

Since the extra-chromosome complexes are not transmitted through the 
pollen, the functioning pollen of these trisomics is either all velans or all 
depending upon which normal complex is present (ue Vries 1913 
and 1923). 

Irregular disjunction in trisomUs 

The nature of the progenies of inbred trisomics as discussed above deals 
only with the products of regular disjunction. Irregular distributions of 
chromosomes in the first meiotic anaphase should occur in trisomic forms 
as well as in the normal diploid. In the trisomics, however, there is not 
ordinarily a closed ring made up of an even number of chromosomes, but 
an open chain in which there is an odd number of chromosomes. Hence it 
is possible for two adjacent chromosomes to pass to one pole with all 
remaining chromosomes separating in the regular, zigzag manner, as il¬ 
lustrated in figure 13B, with no necessity for a second, compensating ir¬ 
regularity such as is required in a closed ring of chromosomes. 

Whenever there is one set of irregularly disjoining chromosomes in the 
chain of a trisomic, the products must be one 8-chromosome complex and 
one 7-chromosome complex (figure 13B). The complex receiving eight chro¬ 
mosomes will have a complete set of chromosome ends and in addition will 
have two ends in duplicate. The net duplication in this 8-chromosome prod¬ 
uct, however, will not ordinarily be the same as that in the parental 8- 
chromosome complex, but will be identical with some other 8-chromosome 
complex produced by Lamarckiana (table i). There will be a different 
mixture of velans and gaudens chromosomes in the 8-chromosome products 
following irregular disjunction (compare figures 13A and 13B). On the 
other hand, the product receiving seven chromosomes, following irregular 
disjunction, will have a mixture of velans and gaudens chromosomes in 
which there will be a net deficiency for one chromosome arm (13 in the 
diagram) and duplication for another (arm 6 in the example illustrated). 
The seven chromosome products of irregular disjunctions of this sort must 
consequently be in viable. 
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Since irregular chromosome disjunction in trisomics results in 8-chromo¬ 
some complexes different from the parental 8-chromosomc complexes, new 
trisomic forms should be expected in the inbred progenies of practically 
all trisomics. These “new” trisomics, however, will be identical with cer¬ 
tain of those produced directly from Oe, Lamarckiana, and if the chromo¬ 
some constitutions of the trisomics were definitely established, it would 
be possible to predict just which trisomics should appear in the progeny 
of any particular one. 

The number of trisomic types appearing in the progeny of any par¬ 
ticular trisomic depends upon the number of different positions in the 
open chain at which irregularities in disjunction may occur. Consequently 
trisomics belonging to the different groups (pp. 210 214) should differ in 
the number of trisomic types produced. 

1-2 5-8 1413 10-9 3 4 I 2 'll 7 6 5 6 

1-2 /S /0 9^3 V /2 //7 6‘5 gaudens 


I 2 5*8 


1413 /S'/O 




Kkjure 13.—Regular and irregular chromosome disjunction in the trisomic “complex-3 
gattdem” Regular disjunction (A) yields the two parental complexes, irregular disjunction (B) 
results in a different 8-chromosome complex and an inviable 7-chromiOsome complex. 


Each trisomic belonging to the first group should have eleven different 
trisomic types appearing in its progeny as a result of irregular distributions 
in the open chain of chromosomes. The two members of the group which 
have the normal allelomorphs of both zygotic lethals in the 8-chromosome 
complexes, however, should each produce seventeen different trisomic 
types. These are the numbers of trisomic types that should be produced in 
fairly high frequencies, but each of the trisomics of this group may occa¬ 
sionally have a ring of twelve chromosomes identical to the ring in 
Lamarckiana (see figure 78), hence any of the trisomics produced directly 
from the diploid form may also occur in the progeny of each of the tri¬ 
somics belonging to group i, but many of these would be expected in very 
low frequencies. 

The trisomics belonging to the remaining five groups always have open 
chains and never closed rings. The number of different trisomic types 
expected in the progenies of these groups are four for each member of 
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group 2, three for group 3, two for group 4, and one for group 5. The 
two members belonging to group six should breed true and never throw 
other trisomic types. Trisomics belonging to the first group should give 
rise to ‘"secondary” trisomics belonging to all six groups, those belonging 
to the second group) can given rise to “secondary^^ tyi)es belonging to 
groups 3, 4, 5 and 6, trisomics of the third group to 4, 5 and 6, and so on. 

The frequencies in which the different trisomics appear in the progeny 
of any particular trisomic should be higher than in the j)rogeny of diploid 
Lamarckiana. In the diploid form, about half of the irregular distributions 
should result in products having each seven chromosomes (see p. 203), 
whereas any irregularity in the open chain of the trisomic must result in 
one 8-chromosome product. The published data seem to suf>port this ex¬ 
pectation. 

DISCUSSION 

In the foregoing account an attempt has been made to show how an ap¬ 
plication of the translocation interpretation to observed cytological be¬ 
havior can account for the genetic and cytological characteristics of the 
trisomic derivatives of Oe. Lamarckiana. Wherever possible, specific ex¬ 
amples from the literature have been quoted to illustrate the different 
points. There remain certain general and specific attributes of the trisomics 
which need further consideration. 

Frequency of appearance of trisomics. Forms which have since been shown 
to be trisomics made up 1.2 percent of the progeny (which totaled 53,500) 
in DE Vries’ original inbred line of Oe. Lamarckiana (de Vries 1906). It 
has been shown above that trisomics are expected in the progeny of this 
species following certain types of irregularities in the zigzag arrangement 
of chromosomes in first meiotic anaphase. Cleland (1929a) and Cleland 
and Oehlkers (1930) have shown that in 10 to 20 percent of the pollen 
mother-cells the chromosomes are distributed eight to one pole and six 
to the other. If such irregularities are correspondingly frequent in the 
megaspore mother-cells, 8-chromosome complexes should function as eggs 
sufficiently often to account for the frequency of trisomics observed by 
DE Vries. 

Number of different trisomics produced. A rather casual review of the 
literature shows that probably more than thirty distinct trisomics have 
been obtained from Oe. Lamarckiana. In the preceding analysis it was 
shown that forty-two or forty-three distinct types were expected. The 
remarkable thing is that so many have been recorded since many of them 
are nearly identical in external appearance (see de Vries and Gates 
1928, DE Vries 1929). A detailed cytological and genetic study would 
probably show that more than one type has been included under a par¬ 
ticular name (see discussion of oblonga and pulla below). 

, Classification of trisomics. De Vries and his students have proposed two 



TRISOMIC DERIVATIVES OF OENOTHERA LAMARCKIANA 221 

classifications for the trisomic derivatives of Oe. Lamarckiana, One of 
these classifications (de Vries and Boedijn 1923, Dulfer 1926) is based 
on the assumption that, since the haploid number of chromosomes is 
seven, there should be seven “primary” trisomics in this species. The other 
trisomics are called “secondaries” because they have occurred principally 
in the progeny of the primaries, from which they are considered to differ 
by relatively few genes, as a possible result of crossing over (de Vries 
1929). The seven groups are: 

1. lata group: semi-lata, alhida, jlava, delata^ subovata, suhlinearisy lati- 

folia, synedra, planaria; 

2. scintillans group: oblonga, aurita, auricula, nitens, distans, linearis, 

pcrsicaria, and some others, 

3. cana group: opaca, candicans, lardescens; 

4. liquida group: cucumbis, lingua, plana; 

5. spathulata group: hamata, and perhaps others; 

6. pallescens group: lactuca; 

7. pulla group. 

Though this classification is based upon a false interpretation, there must 
be other reasons why certain of the trisomics are sufficiently similar in 
phenotypic appearance to warrant grouping them together. Different 
trisomics will be homozygous for the same chromosome of vclans or of 
gaudens, or for more than one chromosome, and each w^ould be expected 
to have the characteristics determined by those particular chromosomes. 
Hence it is not surprising that many different trisomics have many 
phenotypic characteristics in common. 

The other classification advanced by de Vries is based entirely on the 
breeding behavior. Two main groups are recognized, the dimorphic muta¬ 
tions which continually throw diploid Lamarckiana in their progenies, and 
the sesquiplex mutations which breed true. The latter arc subdivided 
into a group having velans pollen and one having gaudens pollen. The 
dimorphic trisomics could be subdivided on the basis of the origin of the 
extra chromosome: if it comes from velans, most of the pollen and haploid 
eggs will be gaudens, and if the extra chromosome is from gaudens, the 
majority of the haploid gametes will be velans. As shown above (p. 214) 
there should be twelve different “dimorphic” trisomics, or thirteen if the 
trisomic for chromosome i • 2 is included. The trisomics ascribed to this 
group are: pulla, cana, ablaia and cucumbis, each with the extra chromo¬ 
some from velans; lata, scintillans and lingua, each with the extra chromo¬ 
some from gaudens; and liquida, pallescens, spathulata, lactuca, hamata and 
superfiua, for which there are not enough data to indicate the origin of the 
extra chromosome. The data on which this grouping is made are from 
DE Vries (1913, 1916, 1925, 1929) and Boedijn (1925). 
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The true breeding ‘^sesquiplex’’ trisomics which carry a normal velans 
complex are: alhida^ oblonga^ candicans^ auricula^ aurita, persicaria, opaca^ 
cinerea, tardescens and planifolia (de Vries 1913, 1923, 1929). Those 
having a normal gaudens complex are: nitens^ distans^ flava, delata and 
diluta (de Vries 1923, 1924). There are many other sesquiplex trisomics 
for which there are insufficient data to indicate their constitutions. 

Trisomics involving new translocations. The discussion in the earlier parts 
of this paper has been confined to trisomics made up entirely of chromo¬ 
somes normally present in diploid Oe. Lamarckiana. There are certain tri- 
somic derivatives of Lamarckiana, however, which correspond to the 
tertiary trisomics of Datura (Belling 1927 ) in that certain of the Lamarcki¬ 
ana chromosomes have been altered by translocation. The pulla studied cy- 
tologically by HAkansson ( 1928 ) was found to have a ring of six chromo¬ 
somes, three pairs and a trivalent group. The small ring of chromosomes 
must have arisen by a new translocation such as is responsible for the ap¬ 
pearance of the so-called half-mutants (Darlington, 1931). HAkansson's 
pulla^ however, must be different from the form studied genetically by 
Boedijn ( 1925 ) since the former could not segregate typical Lamarckiana. 
^ The ohlonga in which Cleland ( 1923 ) observe a closed ring of five chro¬ 
mosomes must again represent a new translocation, in this instance involv¬ 
ing the ‘^extra’’ chromosome, as in the tertiaries of Belling. Such trisomics 
as nitens and its derivatives, diluta and distans, which originated from the 
cross LamarckianaXblandinay must have chromosomes with different ar¬ 
rangements of homologous ends from that occurring in Lamarckiana, but 
the translocations in these instances took place in the formation of the 
^blandina complex. 

Data inconsistent with the interpretation. It was suggested earlier that the 
‘‘accessory^’ trisomic oblonga which is produced in large numbers by the 
“dimorphic” trisomic scintillans, has two complete sets of velans chromo¬ 
somes and only the extra chromosome from gaudens. Designating the 
extra chromosome as “g,” the four types of egg cells possible in scintillans 
are velans, gaudens, velans and gaudens and the functioning pollen 
is velans and gaudens. Then, following self pollination, velans Xgaudens and 
gaudensXvelans produce typical Lamarckiana; velans+gXgaudens and 
gaudens+gXvelans reproduce scintillans; velans+gXvelans results in 
oblonga; and the other possible combinations are lethal. 

Data summarised from de Vries ( 1913 , 1925 , 1929 ) show about 19 per¬ 
cent scintillans and ii percent oblonga in inbred cultures of scintillans 
(n = 2466, which includes data from the cross scintillansXnanella). In out- 
crosses to forms with velans pollen only there should be fewer scintillans 
since this type will result from only one type of egg, gaudens+g, which is 
relatively infrequent (see p. 215 ) and there should be more ohlonga, since 
all eggs of the constitution velans+g should produce this form. In the 
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cross scintillansXoblonga (de Vries 1913) there were i percent scintillans 
and 18 percent ohlonga (n==63); and in the cross scintillansX^albicans 
velans (de Vries 1929) there were 8 percent scintillans, 10 percent oblonga 
and 9 percent persicaria (n = 650). In both crosses the pollen was entirely 
velans and the data support the interpretation. In crosses to gaudens (or 
rubens) pollen, on the other hand, no oblonga should be produced, since that 
form arises only when a velans+g egg is fertilized by velans. The only 
eggs functioning in this cross arc velans and velans+g, of which the latter 
should be more frequent (see p. 215). In the cross scintillansXbiennis (all 
pollen rubens), there were 59 percent scintillans and 2 percent oblonga in 
a total of 300 plants (de Vries 1913). The high frequency of scintillans 
in this cross agrees with the interpretation, but the appearance of a few 
oblonga individuals cannot be accounted for. 

Mutation oblonga should produce two types of eggs, velans and velans+g. 
In outcrosses to Oc. Lamarckiana as the pollen parent, Lamarckiana, 
oblonga and scintillans should be produced, the last named from velans+g 
Xgaudens, but apparently scintillans does not occur in such crosses. In a 
total of 244 individuals, de Vries (1913) reported 91 percent Lamarckiana, 
7 percent oblonga and only 2 percent of “mutations” which were not 
specifically mentioned. In outcrosses to Oe. biennis in w^hich all the pollen 
is rubens (= gaudens), all trisomics produced should be scintillans and 
never oblonga. In one such cross (n = 63) there were no trisomics, and in 
another (n---87) 40 percent of the plants were recorded as oblonga and 
another 25 percent as oWf^w^a-dw^arfs. These results cannot be accounted 
for by the interpretation outlined above. 

For most of the other trisomics, outcross data arc too meagre to be used 
in testing the interpretations placed upon them. 

conclusions 

All the more general genetic and cytological features of the trisomic 
derivatives of Oc. Lamarckiana are made more understandable when con> 
sidered in relation to the translocation hypothesis. At the present time, 
however, it is impossible to account definitely for certain specific features 
of individual trisomics. Detailed cytological studies of particular trisomics 
and their hybrid-trisomic progenies could doubtless resolve the remaining 
problems. It should also be possible to determine the homologies of all 
gaudens chromosomes from cytological studies of outcrosses of the various 
trisomics to the standard “tester” races. 
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INTRODUCTION 

P ROMINENT among the problems confronting present day genet¬ 
icists are those concerning the nature of the action of specific genes-- 
when, where and by what mechanisms are they active in developmental 
processes? Despite the recognized importance of such questions as these, 
relatively little has been done toward answering them, a situation not at 
all surprising considering the difficulty of getting at these problems ex¬ 
perimentally. Even so, promising beginnings are being made; from the 
gene end by the methods of genetics, and from the character end by bio¬ 
chemical methods. Probably the one factor which has played the most 
significant role in retarding progress in this field is the fact that relatively 
little is known from a developmental point of view about those organisms 
that have been studied most thoroughly from the genetic point of view, 
and, on the other hand, little is known genetically in those organisms that 
have been most studied from the developmental point of view. One of the 
two obvious (and alternative) ways of overcoming this difficulty would be 
to study development in a genetically well known organism. Drosophila, 
with its numerous mutant types, offers a favorable opportunity for a 
study of this kind. Several facts have led us to begin such a study on the 
differentiation of eye color pigments. Many eye color mutants are known, 
pigments have many advantages for chemical studies, and interactions 
between tissues of different genetic constitutions with respect to eye pig¬ 
mentation are already known from studies of mosaics. 

In this paper we shall present the detailed results of preliminary in¬ 
vestigations (Ephrussi and Beadle 1935a, 1935b, 1935c; Beadle and 
Ephrussi i93sa, 1935b) which we hope will serve to point out the lines 
along which further studies will be profitable. 

MATERIAL AND METHODS 

The technique used in making transplantations in Drosophila has been 
described elsewhere (Ephrussi and Beadle 1936). In brief, the desired 
organ or imaginal disc, removed from one larva, the donor, is drawn into 
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a micro-pipette and injected into the body cavity of the host. As a. rule, 
operations were made on larvae cultured at 25°C for three days after 
hatching from the eggs. At this time they are ordinarily about ready to 
pupate. Some of the stocks developed at slower rates than others, and 
larvae from these were sometimes used on the fourth day after hatching. 
In most cases the host larvae pupated within 24 hours after the operation. 
It is clear, from the above, that the stage of development at the time of 
operations was not controlled in a very precise way. However, since repeti¬ 
tion of experiments at different times and, in some cases, with quite different 
stocks have given consistent results, we can be reasonably sure that the 
small differences in stage of development which may have existed between 
host and implant have not played any significant part. 

The reasons for the choice of that stage of development reached shortly 
before puparium formation as “standard” for the studies reported here are 
largely those of convenience. At this time the optic discs are of a con¬ 
venient size for transplantation, injections are readily made, and the host 
larvae require no more food. 

As will be discussed below, implanted optic discs develop in a manner 
somewhat different from that characteristic of the same disc in its normal 
position. Because of this, it is not always desirable to compare the pig¬ 
mentation of an implanted eye with that of a normal one. By dissecting 
the two eyes, normal and implanted, and observing fragments of the pig¬ 
mented tissue, one can usually make a good comparison. However, to 
avoid all difficulty, which becomes important where slight differences are 
involved, we have practically always made comparisons only between im¬ 
planted eyes. Thus, a vermilion eye disc implanted in a claret host gives 
rise to an eye with vermilion pigmentation. This conclusion is reached by 
comparing the implanted eye with an implanted eye known to be ver¬ 
milion, obtained by implanting vermilion discs in vermilion larvae. 
Further comparisons with wild type and with claret control implants 
enable one to say definitely that the eye in question is vermilion, not wild 
type and not claret. 

List of mutants 

A list of the eye color mutants used in the studies reported in this paper 
is given together with their standard symbols. These mutant types and 
the genes which differentiate them from wild type will be referred to by 
symbol only. Other mutant genes were also carried by certain of the stocks 
used. These are indicated in the tables by symbol only since they pre¬ 
sumably have no bearing bn the results. These symbols are used generally 
in Drosophila work; their significance can be found in Morgan, Bridges 
and SxuRTEVANT (1925). 



DIFFERENTIATION OF DROSOPHILA EYE PIGMENTS 


227 


bo — bordeaux 
hw ~ * brown 
ca “-claret 
car — carnation 
cd —cardinal 
cl —clot 
cm “ carmine 
cn — cinnabar 
— garnet-2 


11 n''— Henna-recessive 
ll • light 
ma —maroon 
pf' — peach 
pd ' purpleoid 
pn —prune 
py — purple 
ras “ raspberry 
rb *- ruby 


se — sepia 
sed — sepiaoid 
sp - safranin-2 
St — scarlet 
V —vermilion 
w — white 
- apricot 
w'‘ — eosin 


DEVELOPMENT OF IMPLANTED EVES 

When an eye transplant is made, the eye disc is injected into the body 
cavity of the host larva. The implanted disc continues development in the 
body cavity, and at maturity of the host usually comes to lie in the ab¬ 
dominal cavity. Occasionally, it may lie in the thorax but such cases are 
exceptional. The location of the implanted eye in the adult fly seems to be 
determined by purely mechanical factors; it is pushed into that part of the 
body cavity of the developing individual where the normal organs are least 
crowded. Usually injections are made toward the posterior end of the 
larva, but they have also been made near the anterior end, and this seems 
to have no effect on the final position of the eye. The implanted eye may 
lie just under the body wall of the adult fly where it is readily visible in the 
living fly, or it may lie deeply imbedded, in which case it may not be 
visible without dissection or clearing. 

Very often the implanted eye becomes attached to other organs during 
its development. In females, it is often attached to one of the ovaries. This 
appears to be brought about mainly by the growth of tracheal tubes. In 
males the implanted eye may be attached to a testis. Males with an im¬ 
planted eye sometimes have one testis which retains the ellipsoid shape 
which is characteristic of a testis at a much earlier stage of development. 
Such “inhibited^’ testes may have their sheaths normally pigmented but 
whether they contain viable spermatozoa is not known. 

An implanted eye, which has developed within the body cavity of the 
host, is inverted as compared with an eye in its normal position. The 
normal eye has the shape of the head of a mushroom, the outer surface of 
the eye being represented by the top or convex surface of the mushroom 
head. An implanted eye disc is detached from its optic ganglion and, after 
development, its curvature is reversed in such a way that the facets are 
on the inside and the basement membrane on the outer convex surface. 
In other respects implanted eyes appear to be perfectly developed and 
differentiated; particularly, there seems to be no difference in the pig¬ 
mentation of an implanted and a normal eye. 
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The optic and antennal imaginal discs in the larval stage are attached to 
each other. In removing an optic disc for transplantation, the antennal 
disc is usually left attached and implanted with the optic disc. This is not 
necessary but is done in routine procedure because it facilitates handling 
the discs and in most experiments does no hapn. In special experiments 
where it may be desirable to do so, it is easy to remove the antennal disc 
and implant the optic disc alone. If the antennal disc is not removed and 
is not injured during dissection, it develops with the implanted eye and 
gives rise to an antenna, complete with an arista, attached to the eye by 
the chitinous head parts mentioned below. In most instances antennae 
developing with implanted eyes are normally everted. 

The optic disc gives rise also to certain head parts when it is implanted, 
and presumably also in its development in the normal position. The exact 
extent of these head parts which arise from the optic disc has not been 
determined but they completely surround what would normally be the 
periphery of the eye and have normally developed bristles. As the de¬ 
veloped implanted eye is inverted, these chitinous head parts form a kind 
of rim around the concave facet-side of the eye with the bristles on the 
inside. 

In very exceptional cases an implanted eye disc may give rise to an 
external eye. This has happened only four times in about 1200 cases. In 
one of these, the eye was nearly normal, the facets were on the exterior 
convex surface, and there was a normally developed antenna attached 
to the eye by chitinous head parts. In all four cases the supplementary 
eye was attached to the abdominal wall of the adult fly, presumably at 
the point of injection. These cases are unusual and probably arise when 
the optic and antennal discs “plug,” in a special way, the hole through 
which the pipette was inserted. 

EXPERIMENTAL RESULTS 

Because of the rather complex interrelations of the different types of 
data to be presented in this paper, they cannot be discussed efficiently 
until all the data have been presented. 

In the following tables the various sex combinations of implant and host 
are given. In only one case, which will be specifically mentioned, does the 
sex of either the donor or the host appear to influence the result. 

Mutant eye discs in wild type hosts 

As a beginning in the study of the differentiation of eye pigment of im¬ 
planted eyes, it is desirable to know how many eye color mutants are 
autonomous in their pigment development when implanted in wild type 
hosts. For the late larval stage, with which we are chiefly concerned in 
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Table i 

Data on the differentiation of mutant eye implants in wild type hosts Eye color mutant symbols 
are distinguished from symbols of incidental mutants present in the stocks by being printed in italics. 
In this and following tables^ under the heading **number of individuals are given the four sex com¬ 
binations and the total in the following order: female in female, male in female, female in male, male 
in male, and total. 
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bw 
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I, 0, 0, 0; 

I 

+ 

It c 

■f 

0, I, 2, 1; 4 

It 

w 

+ 

I, I, 1, 0; 

3 

w 

ma 

4 - 

2, 2, 2, 2; 8 

ma 

w^ 

4 - 

0 

0 

0 

3 

W' 


+ 

2, 0, I, i, 4 

pe 







* One rty in this class had an implanted eye with wild type pigmentation—presumably be¬ 
cause of a mistake in the selection of the donor 
I One host in this class dissected as mature pupa 


Table 2 

Data on the differentiation of wild type eye implants in eye color mutant hosts. 
Arrangement as in table 1. 


IMPLANT 

HOST 

NUMBER OF 

INDIVIDUALS 

PHENOTYPE 

OF IMPLANT 

IMPLANT 

HOST 

NUMBER OF 

INDIVIDUALS 

PHENOTYPE 

OF IMPLANT 

+ 

bo 

0, 0, 0, I; 1 

> 

4 - 

pv 

o; 5 

4 

4 - 

bw 

2 , 1 , I, 0; 4 

4 - 

4 “ 

pd 

2, 0, 0 , 0; 8 

4 

4 - 

ca 

2 , 2 , 2, 0; 

6 ,♦ I*; T 3 

ca 

4 " 

y 

2 , 4 , 0,1; 7 

4 

4 - 

car 

1,0, i 4 o; 2 

+ 

4 - 

b pr 

3 , I, 4 , i; 9 

4 

4 - 

cd 

4, 1,0, 0; 5 

4 - 

4 - 

sc ras 

I, I, 1, i; 4 

4 

4 - 

cl 

2, 2, 5, i; 10 

+ 

4 - 

rb cv 

J.t 0, 2, i; 4 

4 

4 - 

cm 

2, 1, 0, 0; 3 

4 - 

4 - 

se wo 

s. I.«, i; IS 

4 

4 - 

cn 

3,* I,* 0,0; 4 

4 - 

4 

sr sed 

p 

0 

Cn 

4 

4 - 


1,* 0,0,0, I 

d- 

4 

tk sP abb 

I, 0, I, 2; 4 

4 

4 - 

jv Hn^ h 

4, I, I, 6; 12 

4 - 

4 

St 

0; 3 

4 

4 * 

It c 

2, I, 0, 0; 3 

4 - 

4 

v 

3> 2, s, 2; 12 

4 

4 - 

ma 

2,2, s, 7; 16 

4 * 

4 

w 

6,0, 0,0; 6 

4 


* Sex of donor not determined. 
i Host dissected as mature pupa. 
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this paper, the data on this point are presented in table i. These data 
show that most of the eye color mutants are autonomous in their pig¬ 
mentation. The only clearly exceptional cases are those of v and cn. When 
implanted in wild type or in heterozygous v, the pigmentation of both of 
these is that characteristic of a wild type eye. In the case of bo, the result 
is not clear because the visible difference between an implant with bo 
pigmentation and one with wild type pigmentation is very slight. This is 
also true of the two eye color types as seen in normal eyes. Special experi¬ 
ments using other mutants as “intensifiers^^ of the difference between bo 
and wild type will probably be necessary to determine the behavior of bo. 


I—I CD 



Figure i .—Diagrammatic representation of the results of eye transplants. Shaded circles 
indicate autonomous development of the pigmentation of the implant. Black circles indicate non- 
autonomous development of pigmentation. Circles half black and half shaded indicate non- 
autonomous development of such a nature that the resulting implant is intermediate in color 
between two controls. 
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Wild type discs in mutant hosts 

Knowing the behavior of the various mutant eye color discs implanted 
in wild type hosts, the reciprocals of these offer points of interest. The 
data are summarized in table 2. 

It is evident that a wild type disc gives rise to an eye with wild type 
pigmentation when implanted in any of the mutants except ca and possibly 
bo. As in the reciprocal transplant, the result with ho is not clear. The sig¬ 
nificance of this exceptional behavior of + in ca transplants will be dis¬ 
cussed later. 

Vermilion discs in mutant hosts 

In the case of a v disc implanted into a wijd type host, the developing 
eye is affected by the host in such a way that the final pigmentation is 
like that of a wild type eye. Before discussing the factor responsible for 
this change in more detail and its relation to the factor responsible for the 
fact that a cn eye disc implanted into a wild type host develops wild type 
pigmentation, data should be considered which bear on the question of 
whether other eye color mutants have anything to do with this “body- 
to-eye” phase of the v reaction. This question can be answered by im¬ 
planting V eye discs into hosts which differ from wild type by various eye 
color mutants. Such data are given in table 3. 

T 4 BLE 3 

Data OH the dilferentiation of v eye implants in eye color mutant hosts. 

Arrangement as in table i. 


IMPLANT 

HOST 

NUMBER OP 

1NDIVIDUAL8 

PHENOTYPE 

or IMPLANT 

IMPLANr 

HOST 

NUMBER OP 

INDIVIDUALS 

PHENOTYPE 

OP IMPLANT 

V 

ho 

0, 0, 0, 1 

I 

4 - 

V 

pd 

2, 1, I, 0; 4 

4 

V 

bw 

7 , 0 , 2 , I 

10 

+ 

V 

y pii 

2, 0, I, i; 4 

4 

V 

ca 

4 , 4 , 3 , 2 



V 

b pr 

2, o» I, i; 4 

4 



3»* 2*; 

18 

V 





V 

car 

5. 0, 2, I 

8 

Interm 

V 

sc rav 

0, 1,0, 1; 2 

4 

V 

cd 

2, I, 4 , T 

8 

4 - 

V 

rb cv 

1, I, 0; 4 

V 

V 

cl 

2. 3. 1, 0 

6 

4 - 

V 

wo 

4 , 4 , 6, 1; 15 

4 

V 

cm 

7 i 0, L,2 

10 

V 

V 

sr sed 

0, i,t 0, 0; I 

4 

V 

cn 

6, I, 3 , 3 i 

13 

4* 

V 

tk sf^ abb 

3, 0, 0, 1 ; 4 

4 

V 

f 

2,0, 3, 2; 

7 

Interm. 

V 

st 

3 , 0. 3 , 2: 8 

4 

V 

jv Htf h 

1, 0, 2, i: 

4 

4 - 

V 

w 

8, 2, 2, 1; 13 

4 

V 

It c 

2, 0, 0, o; 

2 

4 - 

V 

ur* 

0, 0 , 0 , i; I 

4 

V 

ma 

3 , 0, 0, 3i 

6 

4 - 

V 

vf 

0, 1, 0, 0; I 

4 

V 

pp 

3,* 2,* 0, o; 

5 

V 






* Sex of donor not determined, 
t One host dissected as mature pupa. 

These data show that, when implanted in certain mutant hosts (bo, hw, 
cd, cl, cn, Hn% It, ma, pd, pn, pr, ras, se, sed, sf, st, and u>), a v optic disc 
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gives rise to a wild type eye; in others {ca^ cm^ and rb), it gives an eye 
with V pigmentation. In car and hosts, a v disc gives an eye with pig¬ 
mentation intermediate between v and wild type. Discussion of these 
relations will be deferred until other evidence is considered. 

Cinnabar discs in mutant hosts 

Since a cn disc implanted in a wild type host gives a result of the same 
type as the comparable implant of a disc, namely, a wild type eye, the 
same question arises concerning cn as the one stated,above for v. Data 
showing the results obtained by implanting cn eye discs in eye color 
mutant hosts are given in table 4. The results, excluding cn and v hosts, 
are the same as those for z>, that is, a cn disc gives a wild type eye in the 
same mutant hosts in which a v disc gave a wild type eye, and gives a cn 
eye in the same hosts in which a v disc gave a v eye. Table 3 shows that a 
V disc in a cn host gives a wild type eye. Table 4 shows that the reciprocal 
transplant does not give this result, that is, a cn disc in a z; host gives a cn 
eye. 

Table 4 

Data on the dijfereniiation of cn eye implants in eye color mutant hosts. 

Arrangement as in table 1. 


IMPLANT 

HOST 

NUMBBR OP 

INDIVIDUALS 

PHENOTYPE 

OP IMPLANT 

IMPLANT 

HOST 

NUMBER OP 

INDIVIDUALS 

PIUSNOTYPU 

OP IMPLANT 

cn 

ho 

I, I, 2 , 0; 

4 

+ 

cn 

pd 

i.t 0, 5, i; 

7 

-1- 

cn 

bw 

3, 0, 0,3; 

6 

+ 

cn 

y pn 

0 

P 

0 

3 

4 - 

cn 

ca 

2 , 0 , I, 0, 

3 

cn 

cn 

b pr 

0, I, 2, 0; 

3 

4 

cn 

car 

2, 0, 5, 3; 

10 

Interm. 

cn 

sc ras 

0, 0, 0, 1; 

I 

- 1 - 

cn 

cd 

3. 3, 2, 2; 

10 

+ 

cn 

rb cv 

1,0, 2, 1; 

4 

cn 

cn 

cl 

2, 0, 1, 2; 

5 

+ 

cn 

se wo 

3 , 3 , 2 | 3 i 

II 

4 

cn 

cm 

L 2, 3, i; 

7 

cn 

cn 

sr sed 

0, 3, 2, 0; 

5 

4 

cn 


5 , h I, 2; 

9 

Interm. 

cn 

tk ^ abb 

3, 0, 3, 0; 

6 

4 

cn 

jv Hn^ h 

L 0, 3, 0; 

4 

+ 

cn 

st 

3, 2, 2, 2; 

9 

4 

cn 

It c 

0, 0, 2, i; 

3 

+ 

cn 

V 

2, 4 , 5 , I, 

12 

cn 

cn 

ma 

I, 2, I, i; 

5 

■f 

cn 

w 

0, 2, I, 0, 

3 

4 

cn 

pp 

5 ,* 3,* 0,0; 

8 

cn 







* Sex of donor not determined. 
t Host dissected as mature pupa. 


Experiments concerning v, cn, and ca 

From the data present above, it is seen that, in the cases of cn in wild 
type, V in wild type, and wild type in ca, the developing eye implant is 
influenced in its pigmentation by something that either comes or fails to 
come from some part or parts of the host. Just what this is, whether or 
not, for example, it is of the nature of a hormone, we cannot yet say. We 
shall therefore refer to it by the noncommittal term “substance.” 

Certain obvious questions at once arise concerning the substances con- 
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cerned in these three cases. For example, is there only one substance? If 
not, are the different substances related and in what way? What is their 
relation to the genes concerned in their production? Before attempting 
to discuss these and related questions, we shall consider additional data 
which bear on the.problem. 

Behavior of v in combination ivith other eye color mutants 

By studying the differentiation of pigment in implants which differ from 
the host tissues by two eye color characters, one autonomous, the other 
non-autonomous in development, it might be possible to learn something 
about the interaction of the genes concerned. Data of this nature arc 
summarized in table 5A for the combinations of v, iv^^v and v car. It is seen 
that the behavior of v is here the same as that observed in transplants in 
which V is the only mutant gene concerned. Likewise, car and behave in 
the same way as in simple transplants involving only these mutant genes. 
This result tdls us only that, so far as its behavior in transplants goes, the 
interaction of the v allelomorph with car or le" plus the normal allelomorphs 
of all the other genes concerned with eye pigmentation is not different 
from its interaction with car^ or under the same conditions. The same 
kind of result was observed by Sturtevant ( 1932 ) in studies of early 
cleavage mosaics in D. simtilans in which the individuals were made up of 
and V g tissue; here the v character is, under certain conditions, not 
autonomous, but the g character is always autonomous. 

The relation of Bar and vermilion 

In studies of the differentiation of Bar {B) eye discs implanted in not -5 
hosts, it was observed that a v^B disc implanted in a z; host gives rise to 
a B eye^ with v pigmentation. 

This experiment was repeated several times varying both the v stocks 
used as hosts and the B stocks which furnished the implants. The result 
was in all cases the same, indicating that the B gene, in addition to in¬ 
fluencing the size of the eye in a characteristic way, has an effect closely 
related to the v reaction. The data from the various experiments involving 
the V and B mutants, as well as appropriate controls are given in table sB. 
It is seen that only in case the host is i’, does the B implant develop v 
pigmentation. An eye disc heterozygous for the B gene implanted in a 2; 
host gives an eye with wild type pigmentation. It follows that, whatever 
its action may be, the B gene effect is recessive in ihh interaction with v. 
These results suggested that the condition of some process in the B eye 

‘ It is clear that a B disc implanted in a not-B host is B but whether or not there is any modi¬ 
fication of the B character such as is observed in mosaics (Sturtevant, 1932), we have not yet 
determined. 



234 0 . W. BEADLE AND BORIS EPHRUSSl 

Table 5 . 

Dala on various eye implants. Explanations in text. 


IMPLANT 

HOST 

NUMBER OP 

INDIVIDUALS 

PHENOTYPE 

OP IMPLANT 

SC ? f car 

4- 

Part A 

14, 7 , 4 » 2 

; 27 

car 

4- 

sc f car 

I, 0, 2, 0 

; 3 

4- 

sc V 1 car 

V 

2, 2, I, 0 

; 5 

V car 

V 

sc V f car 

2, 0, 4, I 

; 7 

V 

sc V f car 

cn 

I, 3 , 3 , 2 

; 9 

car 

w^v 

4- 

0, 0, I, I 

; 2 


+ 

w^v 

6 , 4, 2, 0 

; 12 

4- 

U<^v 

7» 

0, 0, I, I 

; 2 

w^v 

V 

u^v 

0, 2, 0, 4 

, 

V 

It^V 

cn 

3 *; 

0, 0, 2, 0 

15 

, 2 


cn 

w^v 

4 , 5 , I, 2 

> 12 

cn 

v^v 

wa ^ 

0, 0, 7, 0 

; 7 

(host eyes w ") 

UP - 

B 

y V f 

Part B 

0,0, 3,0; 3 

vB 

B 

V 

2, 0, I, 1 

, 4 

vB 

fiB 

V 

0, 0, 3, 2 

, 5 

V g^B 

B /+ 

V 

3> 2, 0, 0 

> 5 

B /^- 

B 

+ 

0, 0, 3, 0 

, 3 

B 

B 

B 

0, 0, 0, I 

; I 

B 

se wo 

V 

6 , I, S. S 

; 17 

se In term v 

cd 

cn 

Part C 

2, 0, 0, 0 

2 

(sex diff.-text) 

cd 

cd 

st 

3» 2, 6, 2 

13 

cd 

cd 

V 

0 

0 

s 

cd 

st 

cd 

0, 4 , i,' 3 i 

8 

st 

st 

cn 

4 , 3 , 2 , 3 ; 

12 

si 

St 

V 

0 

0 

S 

si 

st 

se wo 

3, 0, 1,0, 

4 

st 

B 

st 

0, 0, I, 2i 

3 

B 

fiB 

st 

0, 0, I, o; 

I 


se wo 

cn 

4, I, I, I, 

7 

se 

cd 

ca 

3 » 2, s, i; 

11 

cd 

st 

ca 

T, 1,0, 0; 

2 

st 


* Sex of donor not determined. 


disc at or after the time of transplantation might be retarded relative to 
the state of other developmental reactions, and led to experiments in 
which eye discs from young wild type larvae were implanted in older v 
larvae. 

In table p data are given from transplants of this kind. In the first ex¬ 
periment, only two transplants were successful in the sense that the 
implanted discs gave rise to differentiated eyes. Here the age difference 
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between implant and host, at the time of transplantation, was about 28 
hours. One of the two implanted eyes showed t;-likc pigmentation, the 
other more nearly wild type pigmentation. Unfortunately, in this experi¬ 
ment, there were no satisfactory controls. Later, an experiment was made 
in which young wild type discs were implanted in older v larvae, and at 
the same time,-for a control, wild type discs of the same age and from the 
same culture dish of larvae were implanted in older wild type larvae. The 
data (tabl-e 6) show that, with an age difference of about 28 hours, the 
wild type discs implanted in v hosts did indeed give eyes with pigmenta¬ 
tion approaching in color that of control v in v implants. The wild type in 
wild type controls with a similar age difference gave eyes with pigment 
of the same type as did known wild type control implants. In all cases the 
young discs implanted in older hosts gave rise to eyes markedly smaller 
than implanted eyes from transplants where little or no age difference 
exists between implant and host. 

'FaHU 6 

Data on the differentiation of wild type eye discs from young larvae implanted in older v larvae. 

Arrangement under heading umber of individuals*' same as in previous tables. 


IMPLANT HOST 


CONSTITUTION 

AGE AFTER ‘ 

HATCHING 

(HRS.) 

CONSTI¬ 

TUTION 

AGE AFTER 

HATCHING 

(HRS ) 

NUMBER OF 

INDIVIDUALS 

PHENOTYPE 

OF IMPLANT 

■f 

44 to 48 

V 

80 1 

I, I, 0 , 0; 2 

9 r(?) 

d' + (>) 

■f 

4,^ to 46 

V 

80 ± 

3 , L 3 » I. « 

In term between 
-f and V 

-f 

44 to 47 

•f 

80 + 

4 , 0, I, 0; 5 

+ 


From the data so far discussed, it might be assumed that the difference 
between 5 in it and wild type in t> transplants is determined merely by the 
smaller size of the B implants. The behavior of young wild type implants 
in older v hosts could then be interpreted in the same way. But there arc 
two arguments against this interpretation. In the first place, we have often 
obtained, from wild type in v transplants where there was no age difference, 
small fragments of eyes resulting from breakage of the disc during the 
operation of transplantation. In all cases these “small eyes” had wild type 
pigmentation. Many of these fragments were smaller than the eyes ob¬ 
tained in the “young in old” transplants. Furthermore, it is known from 
mosaics that small patches of v+ tissue in an otherwise v eye have wild 
type pigmentation (Sturtevant, unpublished). The second argument is 
one from analogy with the behavior of se in v transplants discussed below, 
in which there was little or no age difference between implant and host, 
but in which the implanted eyes were intermediate between v and v+ 
(actually intermediate between se and v se, since se is autonomous in its 
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development). Here the implanted eyes were "normal” in size since the 
se gene does not affect eye size. 

Actually, then, it appears probable that the behavior of 5 in implants 
will find its explanation in terms of the states of certain eye reactions, 
influenced by the B gene, relative to the states of certain developmental 
reactions in other parts of the organism. Such a situation can, of course, 
following Goldschmidt, be expressed in terms of rates of certain eye re¬ 
actions relative to the rates of other developmental reactions. What the 
nature of this eye reaction (or reactions) might be, we have, at present, 
no way of knowing. We shall return later to a consideration of its possible 
relation to the action of the v gene. 

The experiments on se in v transplants mentioned above are summarized 
in table 5 B. Actually these data are the result of three separate experi¬ 
ments, all of which gave the same result. Two se stocks were used, the 
second obtained by outcrossing the first to a v stock and recovering sc 
flies in the backcross to the se wo stock. There was a definite difference 
between eyes developed from implants of discs from male and female 
donors; the male discs gave eyes with pigmentation more closely approach¬ 
ing V se control implants {v se in v se) than did female discs. Speculation 
concerning this effect of se, which may be of the same kind as the effect 
of B, will be more profitable when more data are at hand. The nature of 
the observed sex difference also needs further investigation. 

Influence of eye implants on host eye pigmentation 

In the above experiments in which w”v stocks were used, it was ob¬ 
served that w^v flies in which implanted cn eyes had developed, had normal 
eyes with rather than pigmentation. Since the w^v stock used had 
been recently made up, it was at first thought that this stock might not 
be pure. However, the same experiment was later repeated with adequate 
controls and the same result obtained. A cn eye implant, then, furnishes 
something to a w^v host fly which changes the course of eye pigment for¬ 
mation in such a way that the result is, in effect, and not v pigmenta¬ 
tion. Since no such action of wild type or cn eye implants on the normal 
eyes of v hosts had been observed previously, a series of transplants was 
made to check this point carefully. The results were as follows: 


Implanted 


Pigmentation of 

eye disc 

Host 

Implant 

Host 

+ 

V 

+ 

V 

cn ‘ 

V 

cn 

V 

V 

V 

V 

V 

+ 


+ 


cn 


cn 




W^v 

W^V 
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These results suggest two obvious questions. The first is, why are the eyes 
of a host changed by cn eye implants to w" (from v to ) while the 
eyes of a v host are unaflFected by such an implant? This change in the 
w^v eyes seems to be complete in many cases, that is, the modified eyes 
show no difference from stock w*' flies. Hence it seems clear that the same 
proportionate change does not occur in the two cases, detectable in 
and not in v hosts. A more probable interpretation assumes that a cn eye 
implant releases into the blood of the host a certain quantity of some 
substance, presumably the same as that which changes the pigmentation 
of a z; implant in a wild type host, and that this substance is only sufficient 
in amount to result in the change of a limited amount of pigment from 
V to v’^. The w^v eyes have little pigment and this can all be changed, by 
the available substance, from v to . The normal eyes of a v host, on the 
other hand, have such a large amount of pigment that the limited supply 
of substance does not produce a detectable change, even though it may 
result in a change of the same absolute amount of pigment as in the case 
of the eyes of a host, 'fhis interpretation obviously can be tested by 
relatively simple experiments. In fact, we have already observed that, in 
case the cn eye implant is small, the change in is not comjdete. 

A second question that is apparent from these results is, why is a cn eye 
implant effective whereas a wild type implant has no effect? Both types 
of eye implants of course have the gene, and presumably the production 
of substance goes on*in both. It seems from the data that the cn gene 
produces a change such that the substance in question is released from the 
implant. 

In connection with the influence of an eye implant on the eye color of 
the host, it is known, from studies of zc'+-zc’ gynandromorphs in D, simulans 
(Dobzhansky 1931; Sturtevant 1932), that rate of testis sheath pig¬ 
mentation is correlated with the amount of eye tissue present. The 
substance responsible for the pigmentation of the testis sheath very prob¬ 
ably is formed by eye tissue—if so, it must be able to diffuse from the 
eye. 

Implantation of gonads 

In his studies of early cleavage mosaics in D. simulans y Sturtevant 
(1932) was able to demonstrate clearly a strong correlation between the 
autonomous or non-autonomous pigmentation of genotypically v eye 
tissue and the constitution of the gonads with respect to the v gene. Here, 
if both gonads are (and female), genetically v eye tissue show ??+ pig¬ 
mentation in practically all instances. If, on the other hand, both gonads 
are v (and male), genetically v eye tissue shows v or intermediate pig¬ 
mentation in all cases. We have pointed out in a preliminary paper 
(Ephrussi and Beadle i93sa) that it is the constitution of the gonads 
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with respect to the v gene and not with respect to sex that is important. 
In these experiments of Sturtevant, there were some exceptions which 
led him to conclude that, in addition to the gonads, some other organ or 
part of the fly must be involved in the differentiation of v eye tissue in 
mosaics. 

On the basis of Sturtevant’s results we have made transplants of wild 
type ovaries in v hosts to see whether we could influence the pigmentation 
of the eyes of the host. Such ovary implants develop quite normally and 
are even capable of forming functional connections with the oviducts of 
the host (Ephrussi and Beadle iQ3sb). The results of such experiments 
with ovary transplants, and which bear on the v case, are summarized in 
table 7. 

Table 7 

Data on transplants of non-v ovaries to v hosts. 


IMPLANT 

CONSTITUTION 

HOST 

DEVELOPKD 

IMPLANT 

OVARIES 

INDIVIDUALS 

FEMALE 

MALE 

PIIENOTYPE 

OF HOST 

+ 

V 

I 

17 

7 

V 

ca 

V 

I 

4 


V 

■f 


I 

29 

5 

u>^v 

cn 

u^‘v 

I 

I 


v/^v 

-f 

V 

2 

5 

2 

V 

-h 

y 

3 

2 


V 


It is seen that one or two wild type ovaries in a n male host or one, two, 
or even three such ovaries in a » female host, have no detectable effect on 
the V color of the eyes of the host. Likewise, neither an implanted wild 
t)q)e nor an implanted cn ovary has any influence on the normal eyes of 
a host, male or female. These results, then, are entirely negative. 
Since in all these cases normal v ovaries or testes were present in the host, 
it could be argued that they account for the fact that implanted ovaries 
are without effect on the host eyes. However, this seems rather improbable 
as it would involve the assumption that the implanted ovaries produce 
the necessary substance but that something else produced by either v 
ovaries or v testes acts as an inactivating agent on the substance. 

Taken in connection with the results of Sturtevant which show quite 
definitely that wild type ovaries do have something to do with the pro¬ 
duction of the substance which changes the course of pigment formation in 
V eye tissue, our results only corroborate his conclusion that some other 
organ or part of the body plays an essential role in the production of this 
substance, i.e., gonads plus an unknown part of the body interact in its 
formation. Our studies give no clue as to what this unknown might be. 
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but Sturtevant has shown that it is not closely related in terms of cell 
lineage to any surface ])art of the body, and does not lie in the abdomen 
(19,^2). 

These results of gonad transplantation in Drosophila show certain ob- 
yious differences from those obtained by Caspari (1933) and Kuhn, 
Caspari and Plagge (1935) gonad transplants in Ephestia kuhniella, 
likewise made in connection with studies on eye pigmentation. These 
workers have shown that wild type testes or ovaries implanted in larvae 
of the ced-eyed mutant race a, modify the eye pigmentation toward wild 
type. Here, then, the substance concerned, which they refer to as a hor¬ 
mone, can evidently be formed by the gonads from a wild type race in 
the absence of other organs or tissues of constitution. In this case, the 
substance has an effect on pigmentation in several parts of the organism, 
in larval skin, larval eyes, eyes of the imago, and in the gonads themselves. 
The substance can evidently be produced in other parts of the body since 
a wild type brain implanted in an a host modifies, under certain conditions, 
the pigmentation of thf host. 

Special experiments unth the v-like group of mutants 

The four mutants, cn, st, and cd, are very much alike in their pheno¬ 
typic appearance. Furthermore, Schultz (1935) has shown that in the 
development of their pigmentation, they show rather marked similarities 
and, as a group, are distinct from other fnutants. In fact, on the basis of 
these similarities, he was led to suggest that they might all be found 10 
show the zi-type of behavior in mosaics. It has already been shown that, 
although V and cn are not autonomous in their pigment development in 
certain kinds of transplants, st and cd do show autonomous development 
in eye transplants in wild type hosts. Because of the similarity of st and 
cd to each other and to v and cn, we have u.sed them in certain transplants 
in which other mutants have not been used (table 5). These data need 
little discussion. It is evident that both st and cd show autonomous de¬ 
velopment of pigment in all the combinations in which they are involved. 

It is clear that the ?i-like group of mutants is not homogeneous as re¬ 
gards developmental behavior. In this respect v and cn are obviously 
related but not the same, as will be pointed out in more detail below, and 
st and cd are different from either v or cn, 

The ca case 

As shown by the data already referred to, a wild type eye disc implanted 
in a ca host gives an eye with ca-like pigmentation. To account for this 
result, we must assume that in the development of wild type pigment 
something must come to the eye from another part or other parts of the 
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body and that this substance is not formed in a fly homozygous for the 
ca gene. But the data given in tables 3 and 4 show that a v eye disc im¬ 
planted in a ca host gives a v eye, i.e., not v ca, therefore and that, 
similarly, a cn disc implanted in a ca host gives a cn ca^' eye. Data given in 
table 5 show that a similar result is obtained if a or a cd disc is implanted 
in a ca host, namely, a st ca+ or a cd ca-* eye results. Summary of these 
results: 

-f disc implanted in a ca host gives a ca eye 

V disc implanted in a ca host gives a v ca+ eye 

cn disc implanted in a ca host gives a cn ca+ eye 

si disc implanted in a ca host gives a si fa"* eye 

cd disc implanted in a ca host gives a cd ca+ eye 

In determining that the last four of these results were really v, (n, st and 
cd and not v ca, cn ca, st ca, and cd ca respectively, the appropriate double 
recessive controls were not available, but comparisons were made with 
V, cn, st, and cd control transplants and no differences could be detected. 
Since v ca and st ca are both known to be readily separable from v and st 
respectively, there is little chance of error in the determinations. The 
question, of course, is, why is the development of ca+ pigmentation not 
autonomous in the first case listed and autonomous in the remaining cases 
studied? Possibly the four genes v, cn, st and cd act, in the implant, in such 
a way that no ca+ substance is necessary to give ca+ pigmentation; that 
is, a D+ca+ implant requires ca+ substance from the host to develop ca+ 
pigmentation, but a v ca+ implant does not require this substance to de¬ 
velop V ca* pigmentation, 

DISCUSSION 

From the experimental results considered above, several hypotheses 
can be suggested concerning the nature of certain of the eye color mutants 
and the action of the genes which differentiate them from wild type. 
Alternative hypotheses are obviously possible, and it should be em¬ 
phasized that those presented are tentative. 

The vermilion character 

Since the pigmentation of a genetically v eye can be modified to v* by 
transplanting it to a host which supplies it with what may be called the 
!>+ substance, it follows that v differs from wild type by the absence of this 
substance. Evidently there is no change in the v eye itself which prevents 
its pigmentation from assuming wild tsqpe characteristics. It follows that 
the mutation »+—»» has resulted in a change such that v* substance is no 
longer formed. Since a cn eye disc implanted in a » host remains cn, the 
v*-*v mutation has resulted also in preventing the formation of cn* sub- 
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stance. The gene plays an essential part in the formation of the v'^ and 
substances, but it does not form them directly since any one of several 
other gene mutations (ca, cm, and rb) may result in the absence of them. 
According to this scheme, substance is necessary for wild type pig¬ 
mentation. The question then arises, why does a wild type eye disc im¬ 
planted in a host, which can supply no substance, develop wild type 
pigmentation? Two answers are possible: either the substance has al¬ 
ready acted at the time of transplantation or this substance is produced 
by the eye itself. The fact that, in mosaics, a small patch of eye tissue 
in an effectively v individual has wild type pigmentation (Sturtevant, 
unpublished), shows that the first of these answers cannot be correct, for 
in this case, the tissue has been in slv tissue environment almost from 
the beginning of development. We must then conclude that the substance 
is produced in the eye itself. Actually we have been able to demonstrate 
that it is produced by a cn eye (modification of normal w°-v eyes by an 
implanted cn eye). But, it may be asked, why was it not possible to 
demonstrate that it is produced by a wild type eye? The answer may be 
that the substance is produced but cannot get out of the eye, i.e., one 
of the effects of the cn gene is to make eye cells permeable to ?+ substance. 
The difference in behavior between a wild type and a B eye implanted in 
a V host may be accounted for by assuming that one of the effects of the 
B gene is to prevent the formation of substance in the eye, but not in 
other parts of the body. This assumption is not necessarily an alternative 
to the assumption previously suggested that the action of the B gene may 
be explained ^^in terms of the states of certain eye reactions, influenced by 
the B gene, relative to the states of certain developmental reactions in 
other parts of the organism.’^ It may well be that it is the formation of 
substance that is retarded (in an extreme way) in the eye relative to its 
formation in other parts of the body. The ^‘young in old” experiments can 
be formally explained in the same terms. In young wild type discs im¬ 
planted in older v larvae, the time during which v'^ substance can be 
formed in the implanted eye is much reduced. In a similar way, in a sc 
eye, substance is formed in the eye at a rate so low that, when implanted 
in a host without substance, pigmentation intermediate between 
and V results. 


The cinnabar character 

The evidence for the existence of a cn’^ substance is the same in kind as 
that for substance. It is already evident and will be pointed out in more 
detail below that the substance is different from the substance. By 
the same kind of arguments as were presented in the above discussion of 
the V character, it may be concluded that the mutation cn^-^cn produces 
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a change such that cn^ substance is no longer formed. According to this 
interpretation, as in the interpretation of v, it is assumed that a wild type 
eye produces cn^ substance in its own cells. This would account for the 
fact that a wild type eye implanted in a cn host gives wild type pigmenta¬ 
tion. 

llie claret character 

In contrast to the v and cn cases, two phases of the action of the ca gene 
can be distinguished. I'irst, since a genetically wild type eye cannot de¬ 
velop wild type pigmentation unless some other part of the organism is 
ca^, it is concluded that a ca^ substance is necessary for the formation of 
wild type pigmentation. This is not formed in the eye itself but comes 
from some other part of the body. Secondly, since by supplying a ca eye 
with the necessary ca'^ substance by implanting it in a wild type host, 
we do not produce a change to wild type pigmentation, it is postulated 
that there is a change in a ca eye of such a kind that the addition of 
substance is not sufficient to give wild type pigmentation. 

Other eye color mutant characters 

By implanting v and cn eye disc in other eye color mutant hosts, it has 
been demonstrated that the mutants cm, and rh are characterized by 
lack of both the and cn'^ substances. In these three mutant types, as in 
ca, there must be two phases of gene action, (i) the failure of the formation 
of the and cn^ substances, and (2) an action in the eye itself, since 
supplying the two substances by transplantation does not produce a 
change. The genes car and must be placed in the same class, but in 
these two cases the formation of and cn^ substances is not prevented 
but only limited. 

The other mutants with which we have worked, ho, bw, cd, cl, Hn% It, 
ma, pd, pn, pr, ras, se, sed, sp, st, and w° are characterized by the presence 
of all the three substances postulated. It cannot be concluded that the 
normal allelomorphs of the genes differentiating these characters have 
nothing to do with the production of , cn^ and ca^ substances. There is 
no justification in assuming that, if a given gene concerned with the pro¬ 
duction of a substance such as we are considering, mutates, the particular 
mutant allelomorph resulting will be of such a nature as to result in the 
absence of the substance. Kuhn, Caspari and Plaggr (1935) come to 
such an unjustified conclusion with regard to the gene in Ephestia. 

Relation of the , cn^-and ca^ substances 

It has been shown from the difference in reciprocal transplants between v 
and cn that the v'^ and substances are different (Beadle and Ephrussi , 
1935^)* At the same time, it was concluded from the fact that a fly lacks 
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both substances, that the two substances are related. This conclusion is 
corroborated by the more extensive data presented in this paper. The 
strongest indication that two substances are concerned is the fact that a 2; 
eye disc implanted in a cn host gives rise to an eye with wild type pigment. 
Two other facts strengthen the supposition of two substances: (1) A B eye 
disc implanted in a v host gives an eye with v pigmentation, but, implanted 
in a cn host, gives wild type pigmentation. (2) A sc eye disc implanted in a 
V host gives a se, partially v, eye, but, implanted in a cn host, gives a 
straight se eye. 

The fact that these substances, although not the same, are develop- 
mentally— and presumably chemically- related, is shown by the fact that, 
if a given mutant is characterized by the absence of one of these sub¬ 
stances, it will probably be characteiized by the absence of the other also. 

('onsidering the relation of the ca"^ substance to the other two, it is clear 
that it is different from either for it may be present in the absence of both 
the others. The fact that the ca gene prevents the formation of all three 
substances {v or cn discs implanted in ca hosts are not modified in their 
pigmentation) indicates that ca^ substance is related to the other two. 

It may be asked whether, from the relations discussed above, anything 
can be inferred as to (1) how the 2»^ cn^, and a/' substances are related 
in terms of development, and (2) how’^ the mutant forms of the genes known 
to be concerned with the production of the three substances produce their 
effects? A simple, and, it seems to us, plausible, hypothesis may be of help 
in answering these questions. Such an hypothesis assumes that the ca •, 
2 '^, and cn^ substances are successive products in a chain reaction. The 
relations of these substances can be indicated in a simple diagrammatic 
way as follows: 

—substance-”^? ^ substance—^ substance 
In such a scheme, we assume that: 

1. The mutant gene ca in some way produces a change such that the 
chain of reactions is interrupted at some point prior to the formation of 
ca^ substance; hence a ca fly lacks ca^, 2’"^, and cn^ substances. 

2. Any one of the mutant genes Vy cm^ or rb results in a change such 
that the reaction or reactions leading from ca ‘ substance to ?+ substance 
do not go on; hence the mutants v, cm, and rb lack both and cn^ 
substances but have ca^ substance. The mutant genes car and slow 
down this step in the chain of reactions, hence car and g^ flies are character¬ 
ized by a reduced amount of 2;^ and cn^ substances. The mutant gene B 
interrupts this same step in the chain in the eye, but not in other parts 
of the body. The mutant gene se results in a change such that the ca"^ 
substance changes to substance at a reduced rate in the eye, but at a 
normal rate in other parts of the body. 
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3. The mutant gene cn stops a reaction essential for the change oiv^ 
substance to substance; hence a cn fly lacks substance but has 
the ca+ and substances. 

On the basis of the above scheme, the results of implanting v eye discs 
in cn hosts can be interpreted as follows: The implant produces no sub¬ 
stance, and, because substance is an essential step in the formation of 
cn'^ substance, it likewise produces no cn'^ substance. The host can supply 

substance to the implant but cannot supply cn^ substance. With 
substance supplied to the implant by the cn host, there is no block to the 
formation of cn^ substance in the implant itself. The implant therefore 
develops wild type pigmentation in spite of the fact that normally neither 
the donor nor the host could have produced the cn-^ substance presumably 
necessary for the production of wild type pigment. 

In a somewhat similar way, the results of transplanting B eye discs to 
V and to cn hosts can be interpreted. The B eye can form no substance. 
When transplanted to a host substance cannot move to it from the 
host and the pigment developed is therefore v. Because of the absence of 
the prerequisite substance, the B eye normally does not itself produce 
CW+ substance. But when a B eye disc is implanted in a cn host, the B im¬ 
plant is supplied with z;'*' substance from the host and the reaction or re¬ 
actions from to cn'^ substances can then go on in the implant itself and 
wild type pigment is produced. 

The results of implanting se eye discs in v and cn hosts can be inter¬ 
preted in an essentially similar way. 

Eye color mutant groups 

The eye color mutants in Drosophila can be grouped according to their 
phenotypic characteristics, since mutants differentiated by non-allelo- 
morphic genes can look alike (Morgan, Bridges, and Sturtevant 1925). 
Recently Schultz (1935) has extended this grouping by studying the time 
of appearance and the rate of formation of pigment, the distribution of 
pigment in the eye, and the interaction behavior of the different mutants. 
It is obvious that we can, on the basis of the results given above, classify 
the mutants with respect to the presence or absence of the three postu¬ 
lated substances. We may then ask if there is any relation between groups 
such as made by Schultz and the classification according to these sub¬ 
stances. If there is such a relation, it is not evident from the data at hand. 
As an example, the four mutants, Vy cn, st, and cd, form one of Schultz’s 
groups but as we have seen, v lacks two substances, cn one, while st and 
cd have all three. 

I'he above discussion, we hope, has served to indicate some of the possi¬ 
bilities in the application of the method of transplantation to the study 
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of development in Drosophila. The extension of the studies of certain 
cases to other stages of development is indicated as a logical next step by 
which we can hope to get at such questions as concern the time of deter¬ 
mination of characters and the time of action of genes associated with 
these characters. 
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summary 

Larval optic discs can be successfully transplanted from one larva to 
another. Such transplanted discs give rise to supplementary eyes, usually 
lying in the abdominal cavity of the adult fly, w^hich differentiate 
normally except that they arc inverted. The pigmentation of such eyes 
develops normally. 

When optic discs of the mutants cn or v are implanted in wild type hosts, 
they give eyes with wild type pigmentation, i.e., under these conditions, 
the cn and v characters are not autonomous in their development. Under 
the same conditions, hu\ ca, car, cd, cl, cm, g^, Hn% It, nia, p^, pd, pn, pr, 
ras, rb, se, sed, sp, st and eye discs implanted in wild type hosts show 
autonomous development of eye pigment. 

In the reciprocals of the above transplants, wild type eye discs im¬ 
planted in hosts of the mutants mentioned, wild type pigmentation of the 
implant results in all except one case, a wild type disc implanted in a ca 
host. In this one exception, a genetically wild type eye disc gives an eye 
with ca pigmentation, i.e., ca+ does not show autonomous pigment de¬ 
velopment under these conditions. 

If V eye discs are implanted in eye color mutant hosts, eyes with wild 
type pigmentation develop in bo, bw, cd, cl, cn, Hn^, It, ma, pd, pn, pr, ras, 
se, sed, sp, st, and w hosts, i.e., the v character is not autonomous in its 
development when a v eye is transplanted to any one of these hosts. But a 
V eye disc implanted in a ca, cm, p^, or rb host gives an eye with v pig¬ 
mentation, i.e., the v character is autonomous in these cases. It can be 
concluded that the autonomous or non-autonomous development of the 
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V character is determined by the genetic constitution with regard to genes 
other than of the tissue environment in which the v eye develops. 

Implanted in eye color mutant hosts other than v or rw, a cn eye disc 
behaves in the same way as does a v eye disc, showing autonomous pigment 
development in the same mutant hosts as does v, and non-autonomous 
pigment development in the same hosts as docs v. 

Reciprocal transplants involving cn and v do not give the same result; 
a V eye disc implanted in a cn host gives an eye with wild type pigmentation 
while a cn eye disc implanted in a host gives an eye with cn pigmentation. 

A B eye disc implanted to a host gives a B eye with v pigmentation. 
This shows that the B gene has an effect on the eye somehow related to 
the effect of the v gene but not of such a nature as to modify the pigmenta¬ 
tion of the eye in its normal position. This case shows that the autonomous 
or non-autonomous development of pigmentation in an implanted v'^ 
eye may be influenced by the genetic constitution, with respect to genes 
other than v, of the implant itself. 

A genetically wild type eye disc from a young larva implanted in an 
older V host shows pigmentation intermediate between v and wild type. 
A se eye implanted in a v host likewise gives pigmentation of an inter¬ 
mediate nature with respect to the v character; here the eye is inter¬ 
mediate between v se and se. The possible relation of these cases to the 

in results is considered. 

A cn eye implanted in a w^v host gives a cn eye, but the eyes of the host 
are modified from the to a phenotype. 

Ovaries from wild type donors have been implanted in both male and 
female v hosts without any detectable change in the pigmentation of the 
host eyes. 

From the cases of non-autonomous development of the pigmentation 
of implanted eyes considered in this paper, three substances arc postu¬ 
lated, the cn^, and ca-^ substances. Their interrelations and the con¬ 
ditions under which they are produced arc discussed. A hypothetical 
scheme accounting for the production and relation of these three sub¬ 
stances is suggested, and, in connection with this, questions concerning 
where and how certain genes might act are considered. 
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INTRODUCTION 

T he PRESENT paper deals with three questions concerning the 
development of vestigial wings in Drosophila: First, where is the 
critical period during which the development of vestigial can be affected 
by high temperature (31°), the so-called temperature-effective period? 
Second, to what extent can the wing form be modified by temperature? 
And lastly, is the enlargement of the wing as a result of the temperature 
treatment due to the increase of size or number of cells? 

The work of Harnly (1930, 1932 and 1933), Stanley (1928, 1931 and 
1935), Hersh (1932) and others has already covered a considerable 
amount of ground in the study of the vestigial and temperature relation¬ 
ship in Drosophila. The present work, however, represents the beginning 
of a slightly different approach to the question and is concerned with a 
more direct cmbryological study than has hitherto been attempted. 

THE TEMPERATURE-EFFECTIVE PERIOD 

A pure vestigial stock of Drosophila melanogaster originally obtained 
from Columbia University, New York City, was used for the following 
experiments. The food was prepared from local material according to the 
formula adopted for this laboratory (Li 1930). Only two temperatures 
were employed to treat the vestigial flies; 25° and 3i°C. F'or the lower 
temperature, we have used the cabinet gas-burning type of incubator de¬ 
signed by Bridges and Li (1932); for the high temperature, the only 
incubator available was of the water-bath type. During the years 1932 
to 1934 the following experiments were performed. 

High temperature treatment of pupae 

In a number of cultures five pairs of strong and vigorous vestigial flies 
were allowed to breed. The larvae were raised in the 25® incubator and, 
as soon as puparia were formed, they were isolated within an hour. About 
30 pupae thus isolated were put on a strip of moistened blotting paper 
and raised through the rest of their life cycle in a vial with a small amount 
of food to keep the paper continuously moist. These vials were then divided 
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into two batches: and “B.” The one-hour old pupae in the vials of “A” 

series were allowed to start their development at 31°, but at each of the 
succeeding 6-hour intervals, were transferred to 25® for the rest of their 
life cycle. In the vials of the series the pupae were allowed to begin 
their development at 25° and were subsequently transferred at the same 
time intervals to 31°. The purpose of the reciprocal transfers in the experi¬ 
ment was to narrow down from both ends of the pupal period the tem¬ 
perature-effective period for the high temperature. As controls, four cul¬ 
tures were tested simultaneously with the others. First, both larvae and 
pupae were raised at 25° (Xi, table 3); second, the larvae were raised at 
25°, but the pupae at 31° (X2); third, both larvae and pupae were raised 
at 31° (Yi); and lastly, the larvae were raised at ^1°, but the pupae at 
25^^ (Y2). 

When the adults emerged from the pupal cases, they were etherized and 
their wings were measured under a binocular microscope with a standard 
micrometer. As a rule only the right wing of each fly was measured. How¬ 
ever, when the latter was injured or folded, the left wing was then taken 
as a substitute, provided both wings were of approximately equal lengths. 
The results of the experiment are summarized in the following tables: 

T\nii. 1 


The mean lengths 

in mm 

of vestigial icings of flies 

beginning their pupal period 



at u 

and transferred to at the intervals indicated. 


HOURS A'J {I® 



9 9 

d'ef 



u 

N 

M 

N 


() 


0 81 

19 

0 74 

19 

12 


0 77 

30 

0.69 

20 

18 


0 70 

33 

0 6g 

21 

24 


0.73 

19 

0.63 

17 

30 


0.73 

27 

0 67 

19 



0.74 

24 

0.66 

27 

42 


0 75 

28 

0 6q 

37 

48 


0 76 

17 

0.68 

30 

54 


0,80 

26 

0.70 

25 

Oo 


0.75 

18 

0 

0 

26 

66 


0.79 

27 

0.68 

24 

72 


0-73 

24 

0.66 

27 

78 


0.77 

30 

0 74 

27 


The results given in tables i and 2 show that the mean lengths of the 
vestigial wings of the treated flies are fairly uniform, which means that 
there is no particular period in the whole pupal stage that responds to high 
temperature treatment. Comparing with the 25® control (Xi, table 3), 
it can be further shown that there is no significant increase in wing length 
as a result of high temperature. If there is any effect at all, high tempera- 
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Table 2 


The mean lengths in mm of vestigial wings of flies beginning their pupal period in 



,25° and transferred to 31° at the intervals indicated. 
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22 


18 
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0.76 
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0.70 
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20 

0.72 

30 


36 

0.78 

19 

0.72 

42 


42 

0.78 

36 

0.71 

25 


48 

0.79 

20 

0.74 

25 


54 

0.78 

28 

0.73 

32 


60 

0.82 

17 

0 72 

25 


66 

0.70 

30 

0.69 

24 


72 

0.86 

28 

0 71 

21 


78 

0.83 

27 

0.75 

30 




Table j 





The mean lengths 

in mm of wings of all vestigial flies raised in 




both ” 

' and series and in the controls 




9 9 cTcf 


8BRICS — 

M 

N 

M 

N 


“A” 

0.75 ±0.01 

328 

0.69 + 0.01 

32s 


“B" 

0.78 + 0.01 

291 

0.71 ±0.01 

325 


Xi 

0,80 ±0.01 

132 

0.74 + 0.01 

129 


X2 

0.78 + 0 01 

12 

0.71 ±0.01 

15 


Yi 

1 .06 + 0.04 

32 

1.63+0.05 

25 


Y2 

1.05+0.01 

124 

1.45 to.02 

122 



ture tends to make the vestigial wings slightly shorter when the pupae are 
subjected to it, as indicated in table 3. When we compare the mean lengths 
of the vestigial wings of all the flies in both “A” and “ 15 ” series and those 
of the controls Xi and X2, it can be noted that when the pupae were raised 
at 31,° the wing length of the fly is consistently shorter than otherwise. 
The results in table 3 also show that when the larvae were raised at 31“, 
irrespective of treatment of the pupae, there is a great increase in wing 
length (Yi and Y2, table 3). It follows therefore that a much more sig¬ 
nificant temperature-effective period is to be found in the larval period. 

High temperature treatment of larvae 

In order to locate this critical period in the larval stage by means of 
reciprocal transfers the larvae of various ages were exposed to 31®. This 
would naturally necessitate careful isolation of the newly hatched larvae, 
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as it has been shown that there is a considerable amount of variation in 
the time of hatching of eggs isolated at the same time (Li 1927). For this 
purpose a large number of vials was prepared, in each of which a glass 
slide with a piece of blotting paper of corresponding size was placed. The 
blotting paper was first soaked in fermented banana juice and then a thin 
layer of banana agar food was carefully spread on it. Five pairs of strong 
parental vestigial flies were allowed to remain on the food while eggs were 
laid during a fi-hour interval in the 25° incubator. Slides with eggs on them 
were taken out of the vials and examined one by one under a binocula. 
The newly hatche<l larvae within the interval of one hour were isolated 
with a fine scalpel and transferred to a culture bottle, fifty larvae in each 
bottle. Thus they were all about one hour old and allowed to develop 
under almost identical conditions of food and amount of space. The cul¬ 
ture bottles in duplicates were then treated as in the case of pupae in the 
earlier experiments, that is, reciprocal transfers between two temperatures 
25° and As soon as the larvae pupated the bottles were all removed 
to 25"^ to let the flies finish the rest of the life cycle. Tables 4 and 5 give 
the results of the wing measurements of the treated flies. 

In working through the data shown in the above two tables one may 
note that there is a great variability in the wing measurements of the 
individual flies as indicated by the high value of the coefficient of varia¬ 
bilities (C.V., tables 4 and 5). 'Fhe percentages of mortality in most cases 

T \BI.K 4 

Mean lengths in nun of vestigial 'ieings of flies beginning their larval period 
at n"’ ond transferred to at the intervals indicated. 
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Mean lengths in mm of vestigial wings of flies beginning thdr larval 
stage at 2and transferred to 31° at the intervals indicated. 
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are very high, especially when the larvae were first started in 25® and 
later transferred to 31°. These coupled with the small number of individ¬ 
uals measured made it hazardous to draw any definite conclusions as to the 
effect of high temperature on the wing development of the vestigial flies. 
However, as indicators of the time at which high temperature begins to 
exert its influence on the development of vestigial wings and when this 
influence ceases, the data do show certain things. In cases where the larvae 
started their development at 31° and then were transferred to 25° (table 4), 
it can be noticed that at about the sixtieth hour there is a decisive tend¬ 
ency for the vestigial wings to become longer. This point must be taken 
as the beginning of the temperature-effective period for 3i°C. In the case 
of the opposite transfers (table 5) it is also easily seen that beginning with 
the seventy-eighth hour, the mean length of the vestigial wings becomes 
steadily shorter. This must mean that the temperature-effective period 
ends before the latter point is reached. On the basis of these observations 
we may fix the temperature-effective period for vestigial wings roughly 
at sixty to seventy-two hours in the larval period, making a total of 
approximately 12 hours. The data further show that at 31°, with the stock 
of vestigial flies used, there is a distinct sexual-dimorphism in the wing 
lengths such as observed by the earlier workers (Roberts, Harnly and 
Stanley). 
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In order to overcome some of the difficulties in variability and mor¬ 
tality encountered in the above experiments, a number of similar tests 
were made. In these later attempts, wc used twice as many flies from a 
vestigial stock that had been inbred for nine generations. Another devia¬ 
tion in procedure from the earlier experiments was that after they had 
been isolated the larvae were allowed to develop for the first 24 hours at 
25° without any disturbance, at the end of which, they were all trans¬ 
ferred to 31®, except of course the 25° controls. From 31° at each of the 
succeeding 6-hour intervals, the larvae were again transferred to 25° to 
complete their development. No transfers in the opposite direction were 
made. 

The reason for allowing all the larvae to pass the first 24 hours in 25"^ 
instead of 31° is primarily an attempt to reduce mortality of the larvae. 
Since the temperature-effective period is found to be approximately in the 
latter half of larval life, the elimination of the first day of high temperature 
treatment should not interfere with the result as far as the location of the 
critical period is concerned. At the same time, it may be of interest to sej 
whether such elimination would affect the development of the vestigial 
wings. In order to test this point, two 31"' controls were employed. In one 
of these, vestigial flies were raised throughout their larval stage at 31^ 
(control 2, table 6), while in the other, the larvae were first exposed to 
25° for one day like the rest of the cultures in the experiment and then 
were transferred to 31^^ (control i, table 6). 

Table 6 gives the results of one such experiment. It can be seen that 

Txbi.e 6 

Mean lengths in mtn of vestigial wings of flies, kept at 25"^ for the first 24 hours of their larval period^ 
raised at and subsequently transferred to 25^ again at the intervals indicated. 
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beginning with the sixtieth hour of larval life, the lengths of the vestigial 
wings of the treated flies show a distinct increase, especially in the males. 
In the females the increase in lengths of wings is not very striking until 
the sixty-sixth hour interval. It is possible that by starting the larvae at 
25° for the first day, the whole developmental process may be somewhat 
slowed down, as compared with those which were raised entirely at 31°, 
thereby causing a slight delay in the onset of the critical period. The slight 
drop in the mean wing lengths after the seventy-eighth hour interval may 
not be very significant. It should not be interpreted as the end point of 
the temperature-effective period; without data on the opposite transfers, 
such an end point cannot be determined with certainty. 

Regarding the increase of wing length of the flies exposed to high tem¬ 
perature, one may note that the striking difference in wing lengths be¬ 
tween the sexes is very much reduced if not entirely gone. This probably 
means that with inbred stock, more or less homogeneous in its make-up, 
the so-called sexual-dimorphism can be eliminated and in both sexes the 
development of vestigial wings then responds to high temperature equally 
well. However, when the first day of the larval period was not subjected 
to high temperature, neither sex of the vestigial flies could have wing 
lengths comparable to those whose whole larval period was subject to it. 
This is clearly shown in the two 31° controls (controls i and 2, table 6). 
So in order for the vestigial wings to reach the maximum length, the first 
24 hours of the larvae must be treated with high temperature (in this 
case 31°). It follows therefore that high temperature at this particular 
period supplements the process involved in the enlargement of the wings. 
This supplementing process however could do nothing unless the larvae 
were continuously treated under high temperature during the critical 
period (60-72 hour interval). 

The same point can be verified from yet another experiment. When only 
short intervals of 12 (60-72 hours) or 24 (48-72 hours) hours from the 
latter half of the larval period of the vestigial flies and covering the whole 
length of the temperature-effective period were subjected to 31° the aver¬ 
age lengths of the wings of either sex could not be increased to more than 
1.03 ±0.01 mm (from unpublished data). In view of these facts, any as¬ 
sumption that the increase in size of the vestigial wings is due to high 
temperature treatment only at the critical period may be held as question¬ 
able. 


THE FORMS OF THE WINGS OF THE TREATED VESTIGIAL FLIES 

As we examined the wings of the treated vestigial flies at the time when 
they were measured, we noted that there was a great deal of variation in 
the forms of the wings. Greatest variation was found in flies longest ex- 
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posed to 31® and in the 31® control. After having made all the necessary 
measurements, we fixed these flies in qs percent alcohol. Wings were taken 
off from the flies very carefully with fine forceps under a binocular and 
dehydrated by passing through the diaphane solvent and finally mounted 
with diaphane. Drawings were made under the Edinger Drawing appara¬ 
tus according to the same scale of enlargement. 

The regular vestigial flics are not capable of flying but those raised in 
high temperature may have wings enlarged enough to fly almost as well 
as the wild type. However, their wings are comparatively thinner than 
those of the wild types and therefore arc easily folded and injured. Balloon 
formation by the separation of the upper and the lower surfaces of the 
wings either partly or completely was of common occurrence especially 
when the flies were fixed in weaker alcohol. 

In the untreated vestigial wings (figures i and 2), it can be shown that 
except the marginals, all the longitudinal veins of a typical Drosophila 
wing are present and easily identified under a binocular microscope. 
A short axillary vein accompanied by a humeral crossvein is also present. 
The first three longitudinal veins are branched from the main stem which 
is divided very distinctly by two transverse sutures. The fourth, fifth 
and the smaller sixth longitudinal veins arc developed very irregularly. 
The anterior and posterior crossveins together with anal crossvein are 
entirely absent. Among the vestigial flies the wing forms are not at all 
uniform, but as a rule the wings look folded and thickened, apparently 
due to the contraction of the longitudinal veins. 

For the sake of description the various wing forms produced by high 
temperature treatment arc conveniently classified into five types as 
follows: 

Type I (figures 3 and 4): These are similar to the untreated regular 
vestigial wings. However by careful study, one may note four differences: 
First, the edges are more or less invaginated at the point where the longi¬ 
tudinal veins end; second, the posterior and anal crossveins are usually 
present; third, the marginal hairs are developed in places along the costal 
and the first longitudinal veins; fourth, the wings arc slightly longer and 
broader than the untreated vestigials. 

Type 2 (figures 5 to 14 inclusive): In type 2 there are two subdivisions 
(a) and (b), one of which is obviously derived from the other. 

(a) The wings are longitudinally well extended but slender and pointed 
at the distal end. The marginal cell is present as a narrow strip. The an¬ 
terior and anal crossveins are well developed; and the second longitudinal 
vein is usually fully extended sometimes even bearing marginal hairs. The 
latter may also develop at the region in front of the distal end of the first 
longitudinal vein (figures 5, 6 and 7). 
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(b) The wings are similar to (a) except the distal end of the wing turns 
upward and is often enlarged and somewhat rounded (figures 8, 9, 10 
and ii). 

Type 3 (figures 12, 13 and 14): The wings are broader than those of 
type 2 and the distal end is somewhat blunter and broader than the 
proximal end. The posterior crossvein is usually present or at least shows 
a rudimentary development. 

Type 4 (figures 15 to 20 inclusive): Wings in this case show the marked 
development of the submarginal and the second posterior cells to present 
the general appearance of a fork. The posterior crossvein is always present. 
Sometimes the submarginal cell, the second posterior and the third pos¬ 
terior cell are especially extended to form two or three projections at the 
distal portion of the wing. 

Type 5 (figures 21,22 and 23): In this type of wing, all the typical wild- 
type characteristics are present with the one exception that the margin may 
be cut or notched in one or several places. The wings are usually attached 
to the body of the fly in the same manner as that of the wild-type. 

It must be noted that while type 1 and type 5 described above undoubt¬ 
edly represent two extremes and conceivably the latter might have been 
resulted by an all round expansion of the former, one cannot be sure that 
the intermediate types (types 2, 3 and 4) belong to a progressive series 
from the narrow to the broad types of wings. On the contrary, they may 
have occurred quite at random. The similarity of these forms to strap, 
antlered and various other allelomorphic phenotypes has already been 
pointed out by earlier workers (Stanley 1931, etc.). 

It is interesting to note that in the vestigial wings of the untreated flies, 
all the longitudinal veins of the wild-types are present. The enlargement 
of these vestigial wings as a result of temperature treatment is accom¬ 
panied by the extension of these longitudinal veins. The posterior cross¬ 
vein appears only when the wing reaches a certain breadth and the finish¬ 
ing touches of the wing development are the marginal hairs. 

Besides the types mentioned, there are several other peculiarities ob¬ 
served, such as wings which appear as a triangle or like a tongue and some¬ 
times an extra cross vein parallel with the anterior crossvein may be de¬ 
veloped. Perhaps the most remarkable fact of all that we have observed 
is that in a number of cases the right and left wings of the same individual 
were strikingly different (figures 26 to 29 inclusive). 

The size and number of cells of vestigial wings 
after high temperature treatment 

Vestigial flies obtained from the experiment just described have fur¬ 
nished material for this study. The flies were first cooked with 10 percent 
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KOH and washed through a series of alcohols before the wings were taken 
off and mounted in diaphanc, which would make the wing very trans¬ 
parent. For cell counting, we have adopted the method of Dobzhansky 
(1929). The work was done under the Edinger apparatus. 'Fhe submarginal 
cell of the wing was arbitrarily chosen as the marked area for hair counting 
because of the several advantages, i The particular cell is present almost 
in all cases; 2 it is clearly defined by the second and the third longitudinal 
veins; 3 this particular cell is very sensitive to temperature treatment; 
and 4 the hairs here are comparatively regularly arranged and evenly 
distributed. Two kinds of counts were made: one on the hairs of the whole 
area of the cell and the other on those within a standardized small area 
inside of the cell. Specimens from ten of the males for each of the differ¬ 
ently treated vestigial cultures were taken at random and thus examined. 
The results of these counts are shown in table 7. 

Table 7 

The average number of hairs in the submarginal cell etc. of the vestigial U'ings of jiies raised at high 
temperature during the larval stage in the various periods indicated. 
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30.2 
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It is evident from the results shown in the above table that the number 
of cells in the submarginal cell was increased with the increasing length 
of exposure to high temperature, while a somewhat reversed situation is 
seen in the case of cell counts within the standardized area. There is also 
a wide range of variability in both counts, but the range gradually di¬ 
minished as the flies were exposed to high temperature for longer periods. 
Comparing with the wild-type males, one finds that the average number 
of cells per chosen area is more constant and both the number and size 
of the cells in the submarginal cell of the wing are larger in the wild-type 
than any of the treated vestigials. While the increase in size of cells in 
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the wings of the treated vestigial flies may be due to a large extent to the 
stretching of the wings, the increase in number of cells must be the result 
of high temperature treatment. It is concluded therefore that the enlarge¬ 
ment of the vestigial wings of the flies raised in high temperature is largely 
due to the increase in the number of cells. 

Besides the experiment just described, we have also made a comparative 
study of the larval wing buds of (i) the vestigial flies (2) those under 
high temperature treatment and (3) the wild-type. As the results will be 
taken up in a separate paper, only a general statement will be made here. 
Beginning with the fifty-fourth hour of the larval period, the posterior 
part of the mesothoracic bud was seen to expand gradually. This change 
was more clearly seen in wild-type and in temperature-treated vestigials 
than in the untreated ones. From the sixtieth to seventy-second hour 
period the so-called wing bud begins to be formed from the posterior i>or- 
tion of the mesothoracic disc. The wing bud rudiments in wild-type and in 
treated vestigials are comparatively more pronounced than those of un¬ 
treated vestigials. Comparing the time occupied by the temperature- 
effective period in the larval stage with that during which the changes 
of the imaginal discs occur, one may be led to conclude that high tempera¬ 
ture at this critical period has an accelerating effect upon the growth of 
the mesothoracic bud and causes it to develop a larger wing bud in the 
vestigial flies. 


DISCUSSION 

It was Roberts (1918) who first discovered that there is a peculiar re¬ 
lation between high temperature and the development of the enlarged 
vestigial wings. He further showed that the critical period of temperature 
effect lies between the fertilization of the egg and the pupal stage. Among 
recent investigators along this line, Harnly (1930, 1931 and 1933) and 
Stanley (1928, 1931 and 1935) have done some very critical work. 
Harnly (1930) found that there is a progressive increase in length of the 
vestigial wings with the progressive increase in temperature from 18° to 
3i°C. He later (1933) showed that the gradual enlargement of the 
vestigial wing under high temperature (30° 31° and 32°) follows a t)^ical 
sigmoid growth curve and that the growth period extends from the sixtieth 
to eighty-fourth hour after the egg starts to develop. 

Much detailed work has been done by Stanley (1928 etc.) in locating 
the temperature effective period for such temperatures as 17°, 27°, 30° and 
31° etc. Although both Harnly and Stanley started their experiments 
with only the age of eggs known, their data on the temperature-effective 
period for 31° are fairly comparable with what we found with the larva- 
isolation technique. It seems to us that the latter method of determining 
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the critical period has at least two advantages. In the first place, we can 
get a more exact knowledge of the mortality rate of the larvae and, 
secondly, a more accurate determination of the time interval in the larval 
period as such. According to our data, this critical period begins roughly 
at the sixtieth and ends at the seventy-second hour of the larval period. 
This particular period approximates to the time when the imaginal discs 
for wings are about to be differentiated from the mesothoracic buds (Chen 
1929). 

It is possible, as shown in our tests, that high temperature in the pupal 
period may have some effect upon the size of the vestigial wing, causing 
slight reduction in the size (table 3). We have also found that the tem¬ 
perature in the first 24 hours of the larval life tends to accelerate the en¬ 
largement of the wings provided the flits are also exposed to it during the 
temperature-effective period. By raising the larvae from the beginning of 
the larval period at 31°, the vestigial wings may reach an average length 
of 1.73 ±0.05 mm for the females and t. 77 ±0.05 mm for the males. 
These figures are quite comparable to those which Stanley found for the 
same temperature (Stanley 1935). But when the larva was allowed to 
develop at 25^ for the first 24 hours and then raised through the rest of 
the larval period at 31^, there was a considerable reduction in the mean 
lengths of the vestigial wings in both males (1.28 ±0.04) and females 
(1.03 ±0.04). It is of interest to note that according to Chen (1929) the 
mesothoracic disc, from which the wing anlage is derived, appears during 
the first 24 hours of larval life. 

The fact that different temperatures give different growth curves 
(Harnly 1933) and that they have also different effective periods 
(Stanley 1935) indicate that the situation is by no means a simple one. 
The complex situation is further shown by the high degree of variability 
in wing form. It becomes necessary that the whole problem should be 
looked into from a somewhat different angle. A study therefore from the 
embryological point of view may help to clear up some of the confusion. 
Goldschmidt (1935) in connection with his study of genes and external 
characters has examined the development of a scries of mutant types 
affecting the form of the wing in Drosophila, such as vestigial-notch, cut, 
beadex, Beadex-Jollos and vestigial. By comparing the changes of the 
imaginal discs of the wings in the various mutations mentioned above in 
the pupal stage (from 8 to 30 hours), he found that although the wings 
of the adults of the above differ from one another, they all start in the 
early pupal period from imaginal discs comparable in size and pattern. 
Later however degeneration (Erkrankung) of the epithelial tissues of the 
wing buds sets in first from the tip, next the hind border and then the 
front margin, causing the wings to be remodeled according to the type of 
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genes affecting them. In the case of vestigial wing, the anlage according 
to Goldschmidt’s findings is actually 2 to 3 times as large as the adult 
wing before the degeneration process sets in and makes it shrivel to pro¬ 
duce the adult pattern. 

Goldschmidt’s study of the series of mutations from vestigial-notch to 
vestigial led him to infer that in the case of vestigial, the imaginal disc 
of the wing is somewhat comparable in size and pattern to that of the 
wild-type, but the degeneration of the epithelial tissue of the anlage 
starts much earlier (in the larval stage) than the others, such as cut, 
beadex and Beadex-Jollos, thereby giving rise to a much smaller and ab¬ 
normal type of wing. Accordingly, he is inclined to interpret the tempera¬ 
ture effect on the development of the vestigial wing in a different way 
from what has been implied by the earlier workers. According to Gold¬ 
schmidt, the increase in size of the vestigial wing as a result of tempera¬ 
ture treatment during the development of the fly is possibly due to the 
delay of the onset of the degeneration process rather than the direct in¬ 
crease in the size of the anlage. 

Our work with the cell counts of the vestigial wings of flies raised under 
high temperature shows clearly that there is a decided increase in the 
number of cells. Unless the temperature effect is to prevent more cells 
from becoming degenerated, which is unlikely (since high temperature in 
the pupal period tends to decrease rather than increase the size of wings 
in the vestigial flies), it must be taken to mean that it has an accelerating 
effect in the growth period. It is unfortunate that Goldschmidt has not 
examined the imaginal discs of the vestigial flies in the larval period, so 
it is not possible to say, from his evidence to what extent the anlage of 
the vestigial wing is comparable to the other types. Our as yet unfinished 
work in connection with the comparative study of the imaginal discs of 
the mesothorax and the wing of larvae from wild-type, vestigial and 
vestigial raised at high temperature tends to show that these discs are 
larger in the case of the treated than the untreated vestigials. Without 
direct evidence at hand, we may have to infer that the more rapidly 
growing buds of the treated vestigials are the result of a higher rate of cell 
division in the formative period before the anlage starts to degenerate. 
These facts may somewhat modify the point of view held by Goldschmidt 
and they tend to show that the ultimate size and pattern of the vestigial 
wings of flies raised in high temperature is the result of at least two in¬ 
terrelated factors: the enlargement of the anlage of the mesothorax 
and wing on one hand and the delay of the onset of degeneration process 
on the other. Perhaps the high degree of variation in size, form and period 
of temperature effectiveness may all be explained when these two factors 
are carefully analyzed. 
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SUMMARY 

1. Newly formed puparia of vestigial flies in Drosophila were isolated 
in vials and treated with the two temperatures and 25°C. The vials 
were divided into two series; the puparia in one of the series were first 
exposed to 3i^C and then transferred in each of the succeeding six-hour 
intervals to 25°C until the end of the pupal stage; those of the other series 
were used as the opposite transfers. 

2. The wing lengths of the vestigial flies so treated were measured and 
compared with the controls to see if the temperature had any effect on the 
flies. The results of the experiments tend to show that high temperature 
(3i°C) is not effective in lengthening the wings of the vestigial in the 
pupal period. Possibly it may cause a slight reduction in the mean lengths 
of the wings. 

3. However, when in like manner, the same temperatures were applied 
to the newly hatched larvae of the vestigial flies, the data on subsequent 
wing measurements showed that the high temperature was very effective 
in enlarging the vestigial wings. The temperature effective period is 
located at an interval which begins at approximately the sixtieth and ends 
at the seventy-second hour of the larval period. 

4. By raising the iirst-day larvae in 25®C and then subjecting them 
to high temperature treatment described above, it was shown that the 
mean wing lengths of the vestigials so treated were significantly shorter 
than the cases when the first twenty-four hours of the larvae were also spent 
in high temperature. The evidence thus indicates that in order to real¬ 
ize the maximum lengthening of the wing characteristic of the temperature 
31'^C, not only the so-called temperature effective period, but also the first 
twenty-four hours of the larval stage must be exposed to the temperature. 

5. The forms of the wings of the vestigial flies that have been exposed 
to 3i®C for the whole (or almost whole) larval period showed a high degree 
of variability. This variation seems to bear no definite relationship with the 
sex of the individual or the size of the fly. Furthermore, the right and 
left wing of the same individual may occasionally be strikingly different. 

6. By making various hair-counts of the submarginal cell of the wings 
of the treated flies, it is possible to show that the gradual enlargement of 
the wings as a result of high temperature treatment is primarily due to 
the increase in number rather than size of the cells. 

7. The results of the above observations lend themselves to the inter¬ 
pretation that the high temperature tends to cause an increase in size of 
the mesothoracic and later the wing buds by increasing the rate of growth 
and cell division in these bodies and that the temperature seems to be par¬ 
ticularly effective at the time when these buds start to form in the larval 
period of the fly. 
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Figures 12-14-Type 3 wing vanations. 
Figures is-io-Type 4 wing variations. 
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Figures 5-7—Type ^ wing vanaUons. 
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INTRODUCTION 

ALTHOUGH many instances of abnormal development of zygotes 
X~\. containing mutant genes have been described in the course of genetic 
studies on Drosophila, few attempts have been made to determine the 
mechanism of such development. Much of the material which has been 
studied has been poorly adapted to genetic analysis of this problem, since 
mutant genes usually produce developmental abnormalities so slight as 
to be difficult to identify, or so great as to produce complete inviability of 
the eggs containing such genes. The claret mutant gene of Drosophila 
simulans produces effects on the egg which are neither too great nor too 
small for study of this kind since some of these eggs develop into viable 
adults showing major abnormalities. For this reason genetic studies of the 
offspring of the claret mutant type have been completed, and have led to 
the suggestion of a probable mechanism for the production of the ab¬ 
normalities found. A further study of this suggested mechanism may be 
made by the use of the cytologic method, basing such study on the 
genetic data at hand. 

The writer wishes to express her thanks to Dr. Alfred F. Huettner, 
under whose guidance the work was carried out, to Dr. Ruth B. Howland 
for her assistance in the preparation of this report, and to Dr. Alfred H. 
Sturtevant for his kindness in reading and criticizing the manuscript. 

REVIEW OF literature 

In 1924, Plunkett found in a stock of D. simulans from Austin, Texas, 
a mutant fly with a claret eye color. Flies homozygous or heterozygous 
for this mutant gene were of good viability and normal in appearance, but 
homozygous females, on breeding, showed an additional abnormality. Al¬ 
though these females laid a normal number of eggs many of the eggs 
failed to develop, and those which did develop gave rise to adults only a 
few of which were normal. Females heterozygous for the mutant gene, and 
males both homozygous and heterozygous, produced the usual number of 
normal offspring. Sturtevant and Plunkett, in 1926, located the claret 
mutant gene in the third linkage group, and found it to correspond to the 
claret mutant gene of D. melanogaster. The presence of the claret mutant 
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gene in D. melanogaster is not associated, however, with developmental 
abnormalities. Sturtevant, in 1929, published the results of his genetic 
studies on the offspring of females homozygous for the claret gene. He 
described the kinds of abnormalities found among the viable offspring, 
and the frequency of occurrence of these abnormalities. He confirmed the 
observation of Plunkett that from the females it was possible to obtain 
only a very small number of viable eggs. 

In addition to the high frequency of inviability, Sturtevant found 
a second abnormality among the viable offspring of the claret females. 
This was the occurrence of flies whose sex-linked characters were unlike 
those expected from the matings made. Of the males produced by a cross, 
50 percent were such exceptions, the sex-linkcd characters being ap¬ 
parently determined by the paternal rather than the maternal X chromo¬ 
some. Of the females, 6 percent showed exceptional sex-linked characters. 
Such anomalous flies have been found in other stocks where they have been 
shown to be produced by failure of the X chromosomes to disjoin during 
the maturation of the egg. This process, however, would give rise to ex¬ 
ceptional males and females in equal numbers rather than to such dis¬ 
proportionate numbers as Sturtf.vant found. Similar disproportions of 
exceptional males to females had been observed earlier in D. melanogaster 
by Bridges (1916), Safir (1920), Mayor (1924) and Anderson (1924) and 
in D. simulans by Sturtevant (1921). These investigators suggested that 
the inequality between males and females might have been produced by 
occasional failure of the X chromosomes to reach either pole of the 
maturation figure, or by elimination of both maternal X chromosomes 
during the first cleavage. Either of these processes would produce only 
exceptional males while non-disjunction would produce both exceptional 
males and females. The fact that the inequality of males and females in 
the claret stock of D. simulans is greater than that found in other stocks 
was not explained by Sturtevant. 

A third type of abnormality found by Sturtevant was the occurrence 
of flies having small bristles and frequent imperfections of the last section 
of the fourth vein of the wing. These “diminished” flies were shown by 
chromosome studies to be haplo-IV in constitution. Since no fourth chro¬ 
mosome mutant was available, it was not possible to determine whether 
the missing chromosome was that of the paternal or the maternal set. 

In addition to these abnormal types, Sturtevant found flies which 
gave evidence of similar abnormalities involving, however, only part of 
the tissues of the fly. This type of abnormality involved the X chromosome 
in 3 percent of the offspring, resulting in the production of gynandro- 
morphs. The fourth chromosome was involved in 4 percent of the offspring, 
resulting in the production of “diminished mosaics” which were haplo-IV 
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in part of their tissues. The lack of a fourth chromosome mutant pre¬ 
vented further studies on the diminished mosaic flies. 

From the complete studies of the sex-linked characters Sturtevant 
found that two classes of gynandromorphs occurred among the offspring 
of the claret females. These classes may be described by a specific example. 
If a female, homozygous for the claret and yellow genes is crossed to a 
wild type male, the offspring are expected to be wild type females and 
yellow males. Exceptional yellow females and exceptional wild type males 
were also produced. The gynandromorphs produced by such a mating 
were of two classes. The first, including 90 percent of the gynandromorphs, 
consisted of wild type female tissue (phenotypically similar to the normal 
females produced by the mating) and wild type male tissue (similar to 
the exceptional males). The second class, including the remaining 10 
percent, consisted of yellow female tissue (phenotypically similar to the 
exceptional females produced by the mating) and yellow male tissue, 
(similar to the normal males). 

Additional observations which proved to be of importance in the form¬ 
ulation of a mechanical picture of the events causing the abnormalities 
of these eggs may be mentioned. In both the sex and fourth chromosome 
mosaics the abnormal tissues most often comprised or H of the fly. 

More rarely fractions other than these were observed. Further, an ab¬ 
normality of one linkage group in the whole or part of a fly was not neces¬ 
sarily accompanied by an abnormality of another linkage group. No major 
abnormality involving the second or third linkage groups was observed. 

From these results, Sturtevant set up the following hypothesis to ac¬ 
count for the abnormalities found. Elimination of chromosomes may oc¬ 
cur during the maturation divisions of the egg or during the early cleav¬ 
ages. Elimination of an X chromosome during maturation produces a 
female pronucleus deficient in its X chromosome, and fusion of this with 
a male pronucleus produces an XO male or an inviable YO zygote. (Excep¬ 
tional females may be produced by a second process, non-disjunction). 
Elimination of a fourth chromosome during maturation produces a fly of 
haplo-IV.constitution. If an X or a fourth chromosome is eliminated from 
one of the nuclei formed during the first cleavage, a fly is produced which 
is deficient for this chromosome in approximately half of its tissue. 
Elimination during later stages of cleavage produces flies which are ab¬ 
normal in varying amounts, depending on the time of elimination of the 
chromosome. Elimination of a second or a third chromosome during 
maturation or the cleavage divisions produces an inviable zygote. 

To account for the peculiar classes of gynandromorphs found, a further 
assumption was necessary. As indicated above 91 percent of the gynandro- 
moiphs had normal female and exceptional male tissue. If, according to 
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Sturtevant’s hypothesis, the exceptional male tissues are produced by 
the elimination of an X chromosome during cleavage, it must, in these 
cases, be the maternal X which is eliminated. This process produces a fly 
in which the male parts are XO in constitution, the remaining X chromo¬ 
some being that of the paternal set. The assumption may also explain 
the second class of gynandromorphs, which may be produced by the 
elimination of a maternal X during cleavage, if such a chromosome is 
eliminated in an egg which began its development as an exceptional 
(XXY) female. The female tissue then remains exceptional while the male 
tissue, having suffered the loss of one of the X chromosomes, becomes 
similar genetically to the normal males expected from the same mating. 

In other reported cases of the occurrence of gynandromorphs, no evi¬ 
dence of the selective elimination of maternal chromosomes has been 
found. Apparent evidence of such elimination was reported by Bridges 
(1925) in Minute-n D. melanogaster. But here elimination was of this type 
because the mutant gene caused elimination of the chromosome which 
carried it. If it had been carried by the paternal chromosome, that chro¬ 
mosome would have been eliminated (Stern, 1927). 

In the cytologic study of the eggs of homozygous claret females Sturte- 
vant’s hypothesis has been a valuable working guide, indicating as it 
does, the probable stages in development when abnormalities are likely 
to occur. However, if an attempt is made to apply the hypothesis as a 
mechanical picture of the possible cytologic events, the explanation be¬ 
comes less simple than it appears at first. To picture a mechanism which 
will permit the loss, during cleavage, of chromosomes of the maternal set, 
and rarely or never, those of the paternal set, is difficult. For, with the 
completion of the first cleavage, the two sets of chromosomes lie together 
in close association. To drop those of one set selectively would require a 
peculiar and complex mechanism. 

A new hypothesis for the production of gynandromorphs has therefore 
been set up on the basis of the cytologic data. This hypothesis, to be 
presented below, fits the genetic data, and in addition lends itself to the 
postulation of a simple cytologic mechanism for producing the ab¬ 
normalities. Further, an attempt will be made to establish the validity of 
Sturtkvant's suggestions that chromosomes may be excluded from the 
female pronucleus as a result of the peculiarities of the first maturation 
division, and that this process, when it involves the second or third 
chromosomes results in failure of the egg to develop. 

material and methods 

To secure the eggs for study, a stock was used from which both normal 
and abnormal material could be selected. Since homozygous claret females 
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produce few viable eggs, the stock was maintained by mating hetero¬ 
zygous females with males homozygous for the mutant. For the study of 
the abnormal eggs, matings were made between homozygous claret females 
and heterozygous males. For control material, to show the normal course 
of development of simulans eggs, heterozygous females were mated to 
homozygous claret males. The stocks used were also homozygous for the 
third chromosome recessive, scarlet. This mutant gene had no appreciable 
effect on the viability of cither the homozygous or heterozygous claret 
flies. 

Flies were segregated as they emerged and fed on banana-agar mixture 
for five days before mating. Females were starved for several hours be¬ 
fore collection of eggs was to begin, and permitted to mate. The wings 
of the females were cut off under ether to permit the posterior end of the 
abdomen to be observed during laying. For the collection of eggs such flies 
were placed in vials containing a glass slide on which was placed a piece 
of dark blotting paper moistened with fermented banana and yeast. Dur¬ 
ing the period of laying these flies were kept at a temperature of 25.5 to 
26.5° C. 

To obtain abnormal and control eggs of comparable ages it was necessary 
to determine for each egg used the time interval between fertilization and 
fixation. In flics from which the wings have been removed, it is possible 
to see, after an egg has been laid, several protrusions of the uterus before 
the laying of the next egg. In the first few of these protrusions, the uterus 
appears yellow, translucent, and pointed at the posterior end. After several 
such protrusions the uterus, during one of them, becomes wider, and after 
another slight movement, becomes opaque, blunt at the end, and presents 
a shiny white tip. This tip is the posterior end of the egg, which has 
reached the end of the uterus. The anterior end of the egg is now in posi¬ 
tion to receive sperm. Fertilization was therefore assumed to occur when 
the white tip appeared at the end of the uterus, and timing of the eggs 
was begun at that moment. Slides made from control eggs timed in this 
manner showed similar stages of development when allowed to develop 
for similar lengths of time, justifjdng the timing procedure used. 

The position of each egg on the blotting paper and the time of fertiliza¬ 
tion was recorded. After the desired time interval had elapsed, the slide 
was removed from the vial. The eggs were transferred to Kahle’s formol- 
alcohol-acetic fixative and punctured at once with a sharpened steel needle 
(Hxjettner, 1923). To avoid distortion of the maturation figure which is 
found on the dorsal surface of the egg near the anterior end, eggs were 
punctured on the ventral surface, posteriorly. The puncture, when suc¬ 
cessful, permitted only a minute globule or a thin strand of odplasm to 
escape. 
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Eggs were stained with erythrosin in 85 percent alcohol to facilitate 
orientation in paraffin under the binocular microscope. Sections were cut 
sagittally, 7^1 in thickness and stained with Heidenhain’s iron haema- 
toxylin. 


DESCRIPTION OF CYTOLOGIC PREPARATIONS 
I. Control slock—development of normal eggs of D. simulans 

The development of the normal control eggs follows closely that de¬ 
scribed by Huettner (1924) for D. melanogaster. With one exception the 
chromosomes of the two species are similar. The Y chromosome of D. 
melanogaster consists of one long and one short arm. The short arm is 
absent in the Y chromosome of D. simulans. The earliest fertilized eggs 
obtained were in the anaphase of the first maturation division. This figure 
lies, as in D. melanogaster, at the periphery of the egg, in a small, yolk 
free, cytoplasmic island on the dorsal surface near the bases of the fila¬ 
ments of the chorion. In eggs fixed 5 minutes after fertilization the chro¬ 
mosomes lie at the poles of the first maturation spindle (figure 1). No re¬ 
organized nuclei are seen at the completion of this period, the chromosomes 
lining up immediately on the spindle for the second maturation division. 
Stages of this division are found in eggs fixed between 5 and 10 minutes after 
fertilization (figure 2). Eggs which have developed for ii minutes (figure 
4), show the four reorganizing polar nuclei, three of which, as is true in 
D. melanogaster, remain in the cytoplasm at the periphery of the egg. One 
of the four nuclei lies nearer the center of the egg, where the sperm, not 
shown in this figure, is undergoing reorganization. 

Preparations of eggs fixed during the next few minutes do not permit of 
identification of the reorganized egg nuclei which at this time stain poorly, 
and are again visible as clear vesicles only in preparations of eggs which 
have been permitted to develop for 15 minutes. Eggs prepared during the 
next 5 minutes show these four nuclei, each containing a haploid set of 
chromosomes. One of these vesicles, the female pronucleus, lies near the 
center of the egg, in the protoplasmic island containing the male pro¬ 
nucleus, wherein the haploid set of chromosomes is also visible. Material 
fixed from 20 to 23 minutes after fertilization shows the polar chromosomes 
lying free in the peripheral cytoplasm in three haploid groups, the nuclear 
membranes having disappeared. At this stage, two spindles are seen in 
association with the chromosomes of the male and female pronuclei. 
Figure 4 shows a portion of such a preparation, in which the three haploid 
groups of polar chromosomes may be seen. The cleavage figure present 
near the center of the egg is not shown. During later cleavages the two 
spindles characteristic of the first cleavage are no longer to be seen, the 
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maternal and paternal chromosomes being closely associated on a single 
spindle. Such late cleavages further indicate the persistence of the polar 
chromosomes or nuclei in the peripheral cytoplasm. 

2, Homozygous claret stock—development of abnormal eggs of D, simulans 

a. First maturation division. As in the control preparations, the ab¬ 
normal eggs immediately after fertilization are in the anaphase of the 
first maturation division. The figures at this stage are distinctly abnormal, 
showing one general type of abnormality; namely, separation of the chro¬ 
mosomes at either end of an abnormally wide maturation spindle. Figure 
5 shows such an abnormal figure. The chromosomes are greatly separated 
at one pole, less so at the other. Other preparations show modifications 
of this type of abnormality, the extreme being a separation of the chromo¬ 
somes into several widely scattered groups as seen in figure 12. The 
spindles in these figures are correspondingly distorted. 

b. Second maturation division. The abnormal eggs again differ from 
the control eggs at the time of the second maturation division. In the 
control stock, stages of the second maturation division are found in eggs 
prepared from 6 to 10 minutes after fertilization. Those of the abnormal 
stock of comparable age seldom show a second maturation division in 
progress, the chromosomes lying as they did at the end of the first matura¬ 
tion division. In some preparations the double nature of these chromo¬ 
somes is already evident. During the next 5 minutes of development 
preparations show no evidence of the polar chromosomes, which lose their 
staining capacity as do those of the control preparations at the conclusion 
of the period of the second maturation division. 

Fixation 15 minutes after fertilization discloses the presence of the 
vesicular nuclei formed by the reorganization of the chromosomes at the 
end of the maturation divisions. In contrast to similar preparations of 
control eggs, where four such nuclei are seen, the abnormal egg shows the 
presence of four to twelve reorganized nuclei. 

c. Cleavage. In material fixed during the following period (20 to 30 
minutes after fertilization) the chromosomes within the polar nuclei and 
pronuclei are visible. The chromosomes are long and thin, twisting about 
each other, thus making identification of the fourth chromosomes, the 
smallest of the set, impossible. The other chromosomes, however, are 
readily recognized. Where more than four of these egg nuclei are present, 
each contains less than the haploid number of chromosomes. The extreme 
of this condition is seen in those preparations where twelve nuclei are 
present, each containing but a single chromosome (figure 6). 

The pronuclei in preparations of this age again show differences from 
those of the control preparations, where each of the pronuclei, lying side 
by side, showed the presence of its own spindle. In the abnormal stock 
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the male pronucleus occupies its normal position and contains a normal 
spindle. The female pronucleus may be abnormal in position and in 
spindle formation. One or several of the nuclei produced by the maturation 
divisions may lie in association with the male pronucleus, but in many 
cases all these egg nuclei lie at the periphery of the egg so that no one 
of them may be identified as a female pronuclcus. Spindles are rarely seen 
in association with any of these egg nuclei. When the total number of 
such nuclei is twelve, no spindle is ever seen in association with the female 
pronucleus, even when this is normal in position. Many preparations with 
fewer nuclei also lack the spindle of the female pronucleus. Figures 7 and 
8 show two unusual preparations in which spindles are present in both 
pronuclei. In each of these, the female pronucleus contains both the second 
and third chromosomes, figure 7 indicating further a lack of an X chromo¬ 
some and figure 8 the presence of an extra X chromosome. In no prepara¬ 
tion was the female spindle present when the female pronucleus lacked a 
second or a third chromosome. 

The majority of the preparations at hand show no cleavage figure. 
Eggs fixed during the next few minutes may still show the presence of the 
sperm spindle, but this is lost in older preparations, the male pronucleus 
appearing again as an interkinetic, lightly staining vesicle. Still later 
preparations, where second and third cleavages figures are expected, show 
instead the picture of nuclear degeneration, the pronuclei and polar nuclei 
being irregular in outline and lightly stained. An increased number of 
polar nuclei is visible at this time, the number of nuclei approximately 
doubling as the period for each unrealized cleavage passes. Spindles are 
not seen in association with this nuclear increase. 

Those preparations which show evidence of normal cleavages following 
the first, still show the presence of polar chromosomes whose nuclear 
membranes have disappeared. These polar chromosomes lie scattered 
throughout the cytoplasm between the periphery of the egg and the cen¬ 
trally located protoplasmic islands containing the cleavage nuclei (figure 9). 
As in the more normal preparations, the number of these chromosomes in¬ 
creases at each cleavage. 

d. Unfertilized eggs. It is important to determine the time of develop¬ 
ment at which the first sign of abnormality appears in the eggs of the 
claret females. Preparations were therefore made of eggs dissected from 
females before fertilization or laying. Figure 10 shows the earliest of these, 
in which the prophase of the first maturation division is seen. Figure 11 
shows a later prophase figure. Both these preparations show no sign of 
the abnormality to follow. Figure 12 shows the first visible sign of the 
distortion of the maturation figure, groups of chromosomes being widely 
separated in the cytoplasm rather than in the single compact group char¬ 
acteristic of the control preparations at this stage of development. 
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THEORETICAL DISCUSSION 

In the discussion to follow, consideration of the fourth chromosome will 
be omitted. This chromosome is small and is identified in normal eggs by 
its position in close association with the other chromosomes. In the ab¬ 
normal preparations where the chromosomes are scattered, this relation 
is lost, and it becomes impossible to differentiate the small chromosome 
from nearby yolk granules of the same size. 

The first abnormality which appears in the development of the eggs 
of the homozygous claret females is the distortion of the first maturation 
spindle and the separation of the chromosomes at its poles. The subsequent 
abnormalites of development may be explained as results of this initial 
abnormality. To carry out this explanation each of the abnormalites will 
be reviewed in the light of those which took place in the preceding stages 
of development. 

The picture presented at the time of the second maturation division 
may be considered to consist of two distinct abnormalities. The first of 
these is the failure of the second maturation to occur in orderly fashion 
in most eggs. Spindles for the separation of the chromosomes at this time 
are rarely seen. During this period the chromosomes lie as they did at the 
conclusion of the first maturation division, three long chromosomes being 
visible at each pole of the spindle. The small fourth chromosome is diffi¬ 
cult to identify. These six chromosomes disappear during the next few 
minutes, and on their reappearance are found to have increased to twelve. 
Thus the chromosomes have doubled during the period of the second 
maturation division, but this division was an abnormal one, unaccom¬ 
panied by any spindle. 

The second abnormality of this period becomes evident at the conclusion 
of the second maturation period, and concerns the formation of an ab¬ 
normal number of polar nuclei, each containing fewer chromosomes than 
the haploid set. The chromosomes at one end or at both ends of the 
distorted first maturation spindle are often widely separated from each 
other. No immediate effect of this is visible since no nuclear reorganization 
follows this division. However, when nuclear reorganization does occur, 
at the completion of the period of the second maturation division, it is 
apparent that the widely separated chromosomes have not been able to 
enter in normal fashion into the organization of these nuclei. For, instead 
of forming a compact nucleus containing all the chromosomes at one pole 
of the spindle, these chromosomes, scattered widely from each other, form 
instead, separate nuclei, each containing only a single chromosome. If 
each of the four chromosomes in each of four haploid sets found at the end 
of the two maturation divisions were thus to form its own nucleus, sixteen 
nuclei would be found. Such is not the case, however, the largest number 
at this time being twelve. The small fourth chromosome does not form 
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its own nucleus, either remaining with one of the others or, if separated, 
failing to form a membrane about itself. This point could not be de¬ 
termined because of the difficulty of following the fate of the fourth 
chromosome. 

The phenomenon of the formation of nuclei by single chromosomes has 
been called “idiomerie’' by Haecker and other workers, and occurs in 
both normal and experimentally treated tissues. Politzer (1934) has re¬ 
viewed the early work in this field. Strasburger (1880) and Haecker 
(1895) described the formation, during normal mitosis of independent 
vesicles formed by each independent chromosome, these blending to 
form the typical single interkinetic nucleus. Schiller (1909) and Tobias 
(1914) were able to accentuate this slight degree of normal idiomerie by 
treatment of the eggs of Cyclops at high temperature. In all these cases 
the several vesicles fused finally to produce a normal interkinetic nucleus. 
Alberti and Politzer (1934) so accentuated idiomerie by treatment with 
X-rays that the independent vesicles failed to fuse. It is this type of 
idiomerie that is found to occur in the untreated eggs of the claret 
mutant females under consideration. 

The varying number of polar nuclei found in the abnormal eggs ready 
for first cleavage is the result of varying degrees of abnormality of the 
first maturation division. Complete separation of all the chromosomes at 
this time, with the exception of the fourth chromosome which apparently 
does not act independently, would produce twelve nuclei. Other variations 
in the number of these nuclei may be produced by partial scattering of 
the chromosomes of the first maturation division, separating two chromo¬ 
somes from a third, or separating only those at one pole as in figure 5. 

The next abnormality to be seen is the failure of cleavage in the greater 
number of eggs studied at this stage. Cleavage fails in several types of 
eggs. Such eggs include those in which twelve nuclei are present after 
the maturation divisions, none of these nuclei ever showing the formation 
of a maternal cleavage spindle. Also, eggs in which these nuclei are more 
nearly normal in number often fail to cleave. In the rare cases in which 
cleavage docs occur, the female pronucleus is always found to contain 
at least the second and third chromosomes, in accordance with the genetic 
data presented by Sturtevant. 

We may further compare those chromosome groupings in the female 
pronucleus which permit of normal cleavage with others which do not. 
Figures 7 and 8 show two eggs in which the first cleavage is in progress, 
each of these eggs containing the diploid set of second and third chromo¬ 
somes. Figure 7 indicates further a lack of an X chromosome in the female 
pronucleus and figure 8 the presence of an extra X chromosome, lying 
in its vesicle just outside the female pronucleus. Despite the X chromo¬ 
some irregularities, cleavage is in progress. Figure 6, on the other hand, 
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shows an egg which has failed to cleave. Surrounding the normal male 
pronucleus are three of the twelve nuclei produced by the maturation di¬ 
visions, these containing one of the second, third and X chromosomes. 
These three chromosomes, when associated with the male pronucleus in 
other eggs, were sufficient to permit of normal cleavage. Here, where the 
necessary chromosomes lie in separate nuclei, cleavage has not taken place. 
It is thus apparent that in order for normal cleavage to occur, the second 
and third chromosomes must reach the male pronucleus and that they 
must do so enclosed within a single nucleus. If they do not lie in a single 
nuclear membrane, no spindle is formed for their division, and cleavage 
fails. Figure 8 illustrates this further. Here a single female pronucleus 
containing the second, third and X chromosomes is functioning in cleav¬ 
age. But an extra nucleus (one formed by the maturation divisions), lying 
above the female pronucleus and containing a single X chromosome, has 
formed no spindle and has been unable to enter the cleavage figure up to 
this time. 

The first abnormality observed, that of the first maturation division, 
is thus again responsible for the abnormality found at this time. Moreover, 
this early abnormality has at last achieved the result of stopping any 
further development of the egg, by causing, in most cases, the separation 
of the second and third chromosomes. Cleavage could take place only 
when these chromosomes remained sufficiently close at the end of the 
maturation division to become incorporated into a single nucleus. Cleavage 
could include the other chromosomes only when these remained sufficiently 
close to the second and third to be included with them in a single nucleus. 
Further, cleavage failure in these cases is seen to be characterized by the 
failure of spindle formation in the female pronucleus, for at this stage no 
spindle is ever formed by a female pronucleus deficient in the second or 
third chromosomes. 

This observation lends itself to orderly interpretation if we assume that 
an interaction between the second and third chromosomes, or portions of 
them, is necessary in order that a spindle be produced. Re-examination of 
the abnormal maturation figures shows the accordance of these with the 
assumption made. For here, at the first maturation division, the second 
and third chromosomes are often separated from each other, relatively few 
eggs developing normally at this time. These abnormal eggs, if the as¬ 
sumption is correct, should now fail to form a spindle for the second 
maturation division. This is found to be the case. 

The assumption that no spindle is ever formed unless the second and 
third chromosomes are in close proximity leads to the corollary that the 
presence of a spindle at any time during development must have been 
preceded immediately by a close proximity of these chromosomes. How- 
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ever distorted the spindle may be, then, the preceding prophase must have 
been normal, containing in a single nucleus all the chromosomes to appear 
on the spindle at the succeeding metaphase. I'his test of the validity of 
the assumption made must be applied to the first maturation division, 
the last appearance of spindle formation in the eggs that are completely 
abnormal. This spindle, if the assumption is valid, must be preceded by a 
prophase in which all the chromosomes lie in a single nucleus, surrounded 
by a nuclear membrane. This is found to be true. No preparations have 
been found in which the nucleus during the prophase of the first matura¬ 
tion division was abnormal. In every case the germinal vesicle was single, 
containing within it all the chromosomes. Figure lo shows the single 
germinal vesicle of an egg before laying. Figure ii shows the nucleus of 
a later stage of development of an unlaid egg, in which the nuclear mem¬ 
brane has just broken down. Again the chromosomes are found in a single 
compact group. Figure 12 shows the anaphase of the first maturation 
division. The spindle is completely formed, and for the first time the 
chromosomes are seen to be widely separated from each other in the 
cytoplasm. In such an egg, where the second and third chromosomes no 
longer lie together, no orderly mitotic figures can again be formed and 
the egg can never develop into an adult. Thus at no stage of development 
have figures been found which will invalidate the assumption that the 
second and third chromosomes must be in close proximity for spindle 
formation to take place. 

Sturtevant’s hypothesis for the production of gynandromorphs and 
fourth chromosome mosaics suggests that a chromosome may be dropped 
from one pole of the cleavage figure. To determine whether this process 
ever occurs or not is difficult, since the formation of gynandromorphs is 
rare. The fact that no evidence of the elimination of chromosomes has 
been found cytologically is thus no proof that this process never occurs. 

The cytologic preparations studied, however, indicate that gynandro¬ 
morphs may be formed by a process simpler than that which Sturtevant 
suggests; namely, by the addition of a chromosome to a deficient nucleus. 
This new hypothesis accounts as well as does Sturtevant’s for the two 
types of gynandromorphs which he found. Figure 7 shows the possibility 
of formation of the first class of gynandromorph, that having exceptional 
male and normal female tissue. The figure shows a preparation in which 
first cleavage is in progress. The diploid set of chromosomes lacks a single 
X chromosome, which was excluded from the female pronucleus by the 
separation of the chromosomes at the first maturation division. Near the 
upper pole of the figure, beyond the centriole, a single X chromosome is 
seen, lying free in the cytoplasm. This chromosome must be one that had 
been eliminated during a previous division, since it does not lie in a posi- 
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tion indicating its elimination during the division in progress. Since this is 
the first cleavage the extra chromosome can only have been eliminated 
during the maturation divisions of the egg. It is therefore derived from 
one of the abnormal polar nuclei formed at that time. Further, this chro¬ 
mosome lies in what may become the path of the upper set of cleavage 
chromosomes when the division progresses. If, during this or later cleav¬ 
ages, the chromosomes at one pole of the cleavage figure lie close to the 
region occupied by the extra chromosome, the latter may become in¬ 
corporated within that nearby cleavage nucleus. That one cleavage nucleus 
would then be enriched by this chromosome to contain the diploid set of 
X chromosomes, the remaining nuclei still being deficient for this chro¬ 
mosome and containing only the single X chromosome present before 
cleavage began. The deficient nucleus would thus lack a maternal X chro¬ 
mosome, missing since the formation of the female pronucleus. A gyn- 
andromorph would result in which the female parts, derived from the 
enriched nucleus are normal,and the male parts carryinga singleX chromo¬ 
some derived from the paternal set, are exceptional. This is the type of 
gynandromorph which was found by Sturtevant to make up over go 
percent of those studied. 

The egg pictured in figure 8 shows the possibility of formation of the 
second class of gynandromorphs. Again first cleavage is in progress but 
in this case the female pronucleus is complete. Above the complete 
maternal group of chromosomes is a vesicle containing an extra X chromo¬ 
some which is not at this time entering into the cleavage. During cleavage 
the nuclear membrane surrounding this chromosome breaks down, setting 
the chromosome free in the cytoplasm as are those shown in figure 7. The 
extra chromosome may then pass to one pole of the cleavage figure, there 
to enrich one of the cleavage nuclei. If the egg pictured began its develop¬ 
ment as a normal male, the enriched nucleus now becomes XXY in chro¬ 
mosomal constitution, the other nucleus remaining XY as before the 
cleavage. A gynandromorph is thus produced in which the female tissues, 
derived from the enriched nucleus are exceptional female in constitution, 
and male tissues, derived from the unenriched XY nucleus are normal 
male. Genetically the result is the same as that obtained by Sturtevant’s 
method, in which he suggests the formation of this type of gynandromorph 
by the elimination of an X chromosome from an egg which began its 
development as an exceptional female. 

That chromosomes may be picked up during later cleavages is indicated 
by figure 9, in which, during the third cleavage, polar chromosomes are 
still seen to persist in the cytoplasm. Gradual degeneration of these 
chromosomes accounts for the fact that few gynandromorphs are found 
^in which very small mosaic patches occur. 

Such chromosome additions at later cleavages must be discussed more 
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fully than the simpler first cleavage additions which produce gynandro- 
morphs that are half male and half female. The addition of chromosomes 
at later cleavages produces gynandromorphs that are more than half 
female or less than half female. Those that are more than half female are 
produced when a chromosome is added at a later cleavage to an egg that 
has already undergone addition at first cleavage. Those that are less than 
half female are produced by additions of chromosomes at later cleavages 
to eggs that have undergone no previous additions. Sturtevant (1929) 
found that 45 percent of all the gynandromorphs are more than half female 
while only 15 percent are less than half female. To fit the addition scheme 
to these facts it is necessary to show that chromosome additions occur so 
frequently at first cleavage, and so frequently again at later cleavages, 
that 45 percent of the eggs are likely to suffer at least two successive addi¬ 
tions. Estimates of the number of eggs affected by abnormality at each 
cleavage, if the elimination hypothesis is used as the basis for such esti¬ 
mates, do not lend themselves to the support of the addition scheme, as 
indicated by Dr. Sturtevant in a personal communication to the writer. 
However, estimates based on the elimination hypothesis may not be ap¬ 
plied directly to the addition scheme. 

The error in such a direct application may be illustrated as follows. 
Cleavage abnormality, if that abnormality is elimination, produces male 
tissue. The extent of male tissue in the adult indicates, therefore, the 
developmental stage at which this specific abnormality occurred. Each 
gynandromorph which is one half or more than one half male has thus 
developed from an egg in which elimination occurred at first cleavage, or 
successively at first and later cleavages. This group of gynandromorphs 
includes 55 percent of the total, and indicates the frequency with which 
first cleavage elimination occurs. Addition of chromosomes, on the other 
hand, produces female tissue, and the extent of female tissue in the adult 
indicates the developmental stage at which this particular abnormality 
occurred. Here, each gynandromorph that is one half or more than one 
half female has developed from an egg in which addition of chromosomes 
occurred at first cleavage, or successively at first and at later cleavages. 
This group of gynandromorphs includes 85 percent of the total, and in¬ 
dicates the frequency with which first cleavage addition occurs. Such 
estimates can thus be made only when a specific mechanism is under con¬ 
sideration, and the estimates based on one mechanism do not apply when 
the other mechanism is considered. 

Similarly, second cleavage elimination is characterized by gynandro¬ 
morphs that are one quarter, three quarters or more than three quarters 
male. These total 35 percent. Second cleavage addition, however, is 
characterized by gynandromorphs that are one quarter, three quarters or 
more than three quarters female. These total approximately 53 percent. 
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Thus the elimination scheme implies that 55 percent of the eggs become 
abnormal at first cleavage and 35 percent at second cleavage. On this basis 
it is to be expected that 19 percent (55 percent X3S percent) of the gynan- 
dromorphs will bear evidence of successive elimination of chromosomes at 
both first and second cleavage. Sturtevant^s counts of such gynandro- 
morphs, characterized by the elimination scheme as being more than one 
half male, number 15 percent of the total. The addition scheme, however, 
leads to the expectation of 45 percent (85 percent X 53 percent) of gynan- 
dromorphs bearing evidence of successive addition of chromosomes at 
first and second cleavage. Counts of such gynandromorphs, characterized 
by the addition scheme as being more than one half female, number 45 
percent of the total. The actual percentages here are not significant, be¬ 
cause of the necessarily rough estimates of each class of gynandromorph 
made by Sturtevant. They indicate, however, that either scheme may 
be used to explain the relatively large amount of female tissue found in 
the gynandromorphs. 

The addition scheme may thus explain the formation of gynandro¬ 
morphs and account for two peculiarities shown by them, namely, the 
absence of the maternal chromosome in over 90 percent of the gynandro¬ 
morphs, and the fact that generally half or less than half of tissues of each 
of these gynandromorphs lack this chromosome. While the addition 
scheme presents no advantage over the elimination scheme in explaining 
the genetic data, it presents the advantage of a mechanical basis for the 
fact that it is always a maternal chromosome, derived from the egg, that 
is lacking in the deficient tissue. As the direct result of the abnormality of 
the first maturation division, this chromosome failed to be included in the 
female pronucleus and was thus lacking before cleavage began. When no 
additional chromosome is picked up by one of the cleavage nuclei the 
entire fly is deficient for this chromosome. When one of the nuclei pro¬ 
duced by the first cleavage is enriched, only half of the tissue remains 
deficient for the maternal chromosome. A similar process during later 
cleavages will produce varying amounts of male and female tissue. The 
gradual degeneration of the extra polar chromosomes will reduce the fre¬ 
quency of this process in older eggs, making less likely the formation of 
gynandromorphs with small patches of mosaic tissue. 

summary 

1. Cytologic preparations of the eggs of the claret mutant type of 
Drosophila simulans are described. 

2. The initial abnormality in these eggs is the separation of the chromo¬ 
somes at each pole of the distorted spindle of the first maturation division. 

3. The second abnormality is the failure of the second maturation 
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division in most eggs, and the reorganization of the chromosome groups 
at the end of this period, into an abnormally large number of nuclei, each 
containing an abnormally small number of chromosomes. 

4. The third abnormality is the failure of cleavage in most eggs. This 
is correlated with the failure of a maternal spindle to appear in the absence 
of the second or third chromosomes from the female pronucleus. 

5. These events are explained in the light of the abnormality of the first 
maturation division. 

6. A new hypothesis is presented to account for the formation of gynan- 
dromorphs in this stock. The hypothesis is based on the cytologic data 
presented. 
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EXPLANATION OF FIGURES 

The figures were drawn with a Leitz loX ocular and a Leitz oil immersion objective, N A 
1.30, at table level with the aid of an Abbe camera lucida. A magnification of about 2540X was 
obtained. The figures have been reduced to one half in reproduction. 

Fioure I. —Control stock. First maturation division. Five minutes after fertilization. 

Figure 2.'-Control stock. Second maturation division. The chromosomes at the extreme left 
will form the female pronucleus. Ten minutes after fertilization. 

Figure 3. -Control stock. Reorganization of the four egg nuclei following the second maturation 
division. The nucleus at the left will form the female pronucleus. Eleven minutes after 
fertilization. 

Figure 4.—Control stock. Three polar nuclei remaining at the periphery of the egg during cleav¬ 
age. Twenty minutes after fertilization. 

Figure 5.—Abnormal stock. First maturation division. The spindle is distorted and the chromo¬ 
somes scattered at its poles. Five minutes after fertilization. 

Figure 6 .— Abnormal stock. Period of first cleavage. Twenty minutes after fertilization. 

(a) Nine reorganized egg nuclei remaining at the periphery. Each contains a single chromo¬ 
some. In the preparation these appeared in seven consecutive microscopic sections. 

(b) Male pronucleus and three reorganized egg nuclei, that at the left containing the X 
chromosome, those at the right the second and third chromosomes. Figure reconstructed 
from two consecutive microscopic sections, one containing the male pronucleus and the 
autosome at the lower right, the other containing the X chromosome and the autosome 
at the upper right. 

(c) Diagrammatic reconstruction of the above. The group of nuclei at the periphery at the 
left are the nine nuclei shown in (a), the central group the pronuclei shown in (b). 

Figure 7.— Abnormal stock. First cleavage. Above the upper centriole is an extra X chromosome 
lying free in the cytoplasm. Twenty minutes after fertilization. 

Figure 8 .— -Abnormal stock. First cleavage. The figure shows the paternal chromosomes at the 
left and the maternal at the right, these constituting a full haploid set. An extra vesicle 
containing a single chromosome lies above the maternal group. It has failed to form a spindle. 
Twenty-three minutes after fertilization. 

Figure 9.—Abnormal stock. One of four nuclei of the prophase of the third cleavage. Two polar 
chromosomes are seen near it, lying free in the cytoplasm. Thirty-six minutes after fertil¬ 
ization. 

Figure 10.—Abnormal stock. Prophase of the first maturation division. Single germinal vesicle. 
Unlaid, unfertilized egg. 

Figure 11.-—Abnormal stock. Shows a later stage than the previous figure. The nuclear mem¬ 
brane has broken down, the nucleus now lying at the dorsal surface of the egg. Unlaid, un¬ 
fertilized egg. 

Figure 12.— Abnormal stock. Shows a later stage than the preceding figure. The spindle is dis¬ 
torted, the chromosomes scattered into three widely separated groups. Unlaid, unfertilized 
egg. 
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I N MY previous papers on Antennaria dioica (1930, 1932, 1934) I dealt 
with the relations between color and sex, and considered the sex ratio 
as well as the inheritance of these characters. I made only passing reference 
to the fact that in addition to typical males and females, intermediate 
forms exist which may have more or less fertile organs of both sexes. The 
purpose of this paper is to give a genetic analysis of these aberrant forms. 

The first classic paper on Antennaria by Juel (1900) in which the author 
succeeded in demonstrating the parthogenetic reproduction of Antennaria 
alpina, contains the description of aberrant forms of Antennaria alpina 
and A . dioica, to which he refers in describing A. dioica as (i) intermediate 
hermaphrodites, (2) predominantly female hermaphrodites, and (3) aber¬ 
rant females. Of these groups, the first resembles very much the typical 
staminate floret, yet is smaller in all dimensions and has a fertile ovary; 
the second group has two (instead of five) stamens, which, however, arc not 
grown together to form a tube; the style is not as short and stiff as in the 
typical male but, on the other hand, does not show the elongated and 
parted appearance of the typical female; the third group is pure female, 
resembling only somewhat the staminate florets in the formation of the 
style and the external parts of the florets. For A. alpina, JuEi. also de¬ 
scribes an aberrant staminate type, which, however, has no pollen grains 
and no fertile germ cells. The same aberrant form seems to be more fre¬ 
quent than the normal one, for Bergman (1935) also recently reported 
it for A. alpina, and Stebbins (1935) also describes it for the partheno- 
genetic species A. fallax, A. parlinii and A. canadensis in North America. 
It seems that in Antennaria aberrant forms are found wherever one makes 
a careful analysis. 

DESCRIPTIQN OF THE NORMAL AND ABERRANT 
FLORETS OF ANTENNARIA DIOICA 

Before reporting my own experiments with the various sexual forms of 
A. dioica, I shall give a more detailed description of them. The typical 
female floret of A. dioica has a slender pistil ending in two branches which 
bear stigmatic papillae. The corolla-tube encloses the style very tightly 
and there are no pwllen sacs. The pappus-bristles are thin and their cells 
are almost confined to one row. The ovary is fertile. Text figure lA shows 
the upper part of the corolla and the parted and protruding style. Figure 2 
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shows the apex of a pappus-bristle. Figure 3A represents a cross-section of 
the corolla and style. 

The typical male floret has a thick button-shaped style which is very 
little divided or not divided at all. It shows no stigmatic papillae, yet on 
the external side it bears sweeping-hairs which sweep out the pollen grains 
when the latter are expelled from the sensitive pollen sacs on the external 
side of the style. Around the style stand five stamens grown together and 
forming a tube. This tube in its turn is surrounded by the corolla, which 
loosely incloses the pollen sacs. The pappus-bristles are broad and multi¬ 
cellular at the apex. I'cxt figure 1H shows the upper part of the male floret, 
ill e appendices of the anthers protrude from the corolla. Figure 2(1 shows 
the upper part of the pappus-bristles. Figure 3C represents a section across 
the anthers and the corolla. (All corresponding figures of the different 
forms are drawn at the same magnification.) 

The other pictures in figures 1 to ^5 show all transitions between typical 
female and typical male florets. Figures iR and 2B correspond to Juel’s 
aberrant female, a form that occurs very frequently, and that is repre¬ 
sented here by plant number 250 (see also figure plate i). Its stigmata 
are somewhat stiller and thicker and the corolla is a little wdder; yet the 
floret is always purely pistillate, fertile, and never shows any evidence of 
anthers. During the blooming period it is easily distinguished from the 
typical female. Later, when the stigmata are dry, it may sometimes be 
mistaken for normal forms. (See plate i, figures 6 and 7. Figure 6A repre¬ 
sents the floret of a typical male, figure 6B of a typical female, and figure 7 
of a floret of the same type as plant number 250.) 

The predominantly female form as described by Jitel is seen in figures 
iC and il) and in 2C and 2D. It shows its less developed florets, resembling 
closely the type described above, yet it may contain quite well developed 
hermaphroditic florets. Figure iD shows the button-shaped style with 
sweeping-hairs, while figure iC in addition to the latter shows stigmatic 
papillae on the inside. The pappus-hairs (figures 2C and 2D) are somewhat 
broader than in pure females but much thinner than in pure staminate 
forms. 

The next forms (plant no. 190, figure lE and plant no. 253, figures iF 
and iG) approach the male type. The florets usually have male appearance 
although the style is often not enclosed in the anther tube but grows out 
from one side. The style frequently is bent as seen in figure iG; self- or 
cross-fertilization thereby becomes difficult. The pappus-hairs are some¬ 
what thicker than in the previous case. Nevertheless, these types are very 
similar to each other and can be distinguished only by their inheritance. 
The latter form probably ought to be put into one class with Juel’s 
“intermediate hermaphrodites.” Figure 3B shows the parts of the fl.oret 
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at the level of the anthers. There are only three anthers which are not 
joined in a tube; the style is situated on one side, and the corolla is as 
wide as in the males (plate i, figure 8 shows two florets of plant 190 and 
plate I, figure 5 shows one inflorescence of the same plant). 

In addition to these differences, the male and female plants on the whole 
and the male and female heads in particular show distinct differences. This 
can be seen, without description, in figure i, plate i, where a male is 
shown at the left, a female at the right, and an aberrant female inflores¬ 
cence in the center. The involucral bracts are much broader in the male, 
more elongated in the female. The fact that the color is different in each 
form and that there is a tendency in the males towards bright and in the 
females towards dark red colors has been referred to in one of my earlier 
papers (1930). 

PROPORTIONS OF NUMBERS AND INHERITANCE OF 
THE DIFFERENT TYPES 

In my previous papers I have attempted to analyze the numbers in 
which males and females appear. There are three possibilities: either as 
many males as females, or a preponderance of either males or females. 
I found that these proportions are due to a fertility factor which is trans¬ 
mitted together with the gene for sex and which allows a better growth 
inside the style to those pollen tubes which have at least one factor in 
common with the style tissue. The following possibilities have to be con¬ 
sidered (table i). The results of 42 crossing experiments are reported in 
tables 4“6 of my earlier paper (1934). I stated there that in certain crosses 
about half of the females belong to a more staminate type, but made no 
special report on them. In tables 2-5 of the present paper all these crosses 
are reprinted with special consideration of the aberrant forms. In addition, 
there are recorded 27 new crosses carried out during the last two years. 
Plants of the former crosses have bloomed for the first time since the last 
publication; hence, several figures relating to these had to be altered. 

If we consider column 5, which contains the number of occurring forms, 
we find that in a series of cases there appear intersexes in addition to fe- 

Figures 1-3 

lA.—Floret of typical female, FSFS. 16X; iB.—Floret of aberrant female, F'SFS, no. 250. 
16X; iC and iD.—Florets of predominantly female hermaphrodite, no. 306. 16X; 

lE.—Floret of aberrant male hermaphrodite, FSfS^ no. 190. 16X; iF and iG.—Florets of aber¬ 
rant male hermaphrodite FS'fS, no. 253. 16X; iH.—Floret of typical male, FSfS; 2A.—Hair- 
bristle of typical fenude, FSFS. 50X; 2B.—Hairbristle of aberrant female F'SFS^ no. 250. 50X; 
2C and 2D.—Hairbristles of predominantly female hermaphrodite F'SF'St no. 306. 50X; 2E.— 
Hairbristle of aberrant male hermaphrodite FSf^St no. 190. 50X; 2F.—Hairbristle of aberrant 
male hermaphrodite FS'fS^ no. 253. 50 X; 2G.—-Hairbristle of typical male, FSfS; 3A.—Cross- 
section of a female floret. 25 X; 3B.—Cross-section of a hermaphrodite floret, no. 190. 25 X; 
3C.—Cross-section of a male floret. 25 X. 





DESCRIPTION OF PLATE i 

Figure i. —Male, hermaphrodite and female inflorescences of Antennaria dioica. Natural siase. 
Figure 2. —Inflorescence of a typical female. Genetic formula FSFS. Enlarged. 

Figure 3.—Inflorescence of an aberrant female, no. 250. Genetic formula F^SFS. 

Figure 4.—Inflorescence of a predominantly female hermaphrodite, no. 306. The head at the 
left resembles a male. Genetic formula F'SF^S. 

Figure 5.—Inflorescence of an aberrant male hermaphrodite, no. 190. Genetic formula FSFS. 
Figure 6.-^Micro-photograph of typical male floret (left) and typical female floret (rightj. sX 
Figure 7. —^Micro-photograph of aberrant female floret, no. 255. F'SFS, sX 
Fmvm BI —^Micro-photograph of aberrant male hermaphrodite floret, no. rpo, FS/'S. 5X 
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Equal number of males and females 
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Preponderance of females 
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males, usually in nearly the same number. If we add these to the females, 
a percentage of females is obtained (column. 6) which corresponds to the 
figures of column VI in my earlier paper (1934). These intersexes are the 
aberrant forms described in this paper. 
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Table 6 


Melandrium diaicum 
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F'F' 

MM^ 

120:80 superfemales 


F F :Af 3 f =»ioo:8o typical females 

FF' 

AfM- 

110:80 superfemales 


F F' : MM^ 95:80 female intersexes 

FF 


100:80 typical females 


F'F': MM =* 90:80 female intersexes 

F'f 

MM^ 

84:80 male intersexes 


FfiMM^ 73:80 male intersexes 

F'f 


80:80 male intersexes 


F f :MM^ 70:80 typical males 

Pf 


74:80 male intersexes 


F'f :MM=^ 68:80 inframales 

Ff 

MM^ 

70:80 typical males 


F'f :MM^ 65:80 inframales 

f'f 


48:80 inframales 



f f :MM^ 46:80 inframales 

ff 


44:80 inframales 



f f 'MM^ 43:80 inframales 

f f :MM^ 

40:80 inframales 



/ / :MM^ 40:80 inframales 


If we attempt now to give a genetic analysis of these forms, we may 
follow the explanation of G. and P. Hertwig (1922) regarding the inter¬ 
sexes of Melandrium. This dioecious plant occasionally produces also 
hermaphroditic forms, but they are transformed males, as is shown by 
their anatomical structure. The Hertwigs gave the following explanation 
of the forms. Since Melandrium is heterozygotic in the male, we must 
ascribe the formula FFMM to the female and FfMM to the male. The 
quantity of the female factor must hence be greater than that of the male 
factor, for instance, F:$o; Af:4o; /:20. Thus in typical females, the 
female:male ratio FFMM-tooiSo; in typical males, the female:male 
ratio P/JIfJlf *70:80. There might be an increase of the quantities from 
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F to F' and from / to /' of 20 percent. In this case we have the following 
possibilities (table 6, left). Some of these aberrant forms could be identified 
by the Hertwigs. The difficulty with their material as well as with mine 
lies in the wide range of variation. Inframales could not be obtained; they 
are probably inviable. 

From the formulae for the inter sexes it may be seen that they originate 
from the males since they all have /. This distinguishes them from the 
Antennaria intersexes. 

HYPOTHESIS TO EXPLAIN THE ANTENNARIA INTERSEXES 

The tj^ical female is given the formula of FFMM with F = 50, Af = 40. 
The typical male is FfMM, f being 20 as in Melandrium. We assume a 
quantitative alteration from F to F', diminishing the quantity of F to 
F'=45, while the quantity of / is raised to f = 23. (There is no reason to 
raise or to diminish the quantities of F and / proportionately, as their 
alterations must have been brought about by independent mutation.) 
Thus we obtain the sexual forms of table 6, right. The aberrant female will 
then be F'F'MM and the intermediate hermaphrodite FfMM. Only the 
latter is derived from the male form. In contrast to Melandrium here occur 
also ffMM forms. All males resulting from self-fertilization must have 
this formula (table 5), while the Hertwigs did not get plants, definitely 
known to be males, from self-pollination of hermaphrodites. 

Considering tables 2-5 from the point of view of the genetic formulae, 
the fact must be stressed that the deviation from the chance sex ratio i: i 
is in no way altered by the modification of the quantity of the factors F 
and/into F' and/', if the aberrant forms are classified with the female 
and male forms respectively, according to whether they are F'F and F'F' 
or Ff. The sex ratio depends on the fertility factor 5 or S' only (table i). 
The proportions of typical to aberrant pistillate forms ought to be i: i 
whenever it appears. Any deviation must be ascribed to the range of varia¬ 
tion which obscures the differences. It is always easier to state that there 
are two different types in the crosses than it is to classify the plants into 
these types. Thus in the crosses the FF' are considered typical female if 
together with them appear F'F' females which were recorded as aberrant 
females. In other crosses F'F was considered as aberrant form when no 
F'F' appeared. Besides, the eye had to become accustomed to the subtle 
differences; in the first years (numbers below 304) F'F-flowers on account 
of these difficulties were considered as typical in most instances. Finally, 
the plants of the last year (1935) were sent to me dried, and in this con¬ 
dition small differences cannot be distinguished. 

If in view of this, the assigned genetic formulae seem to be questionable, 
I should like to draw attention to some invariable features of the classifica¬ 
tion: I. F'F'MM-iorxas were always considered as intprsexes. 2. When 
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F'FMM and F*F*MM appeared together, the former were always con¬ 
sidered as typical, the latter as intersexes. Crosses with the recently ob¬ 
tained male form F'JMM should be especially interesting. This form is 
considered an intersex by the Hertwigs; in Antennaria it is an inframale. 
Crossed with normal females, however, intersexes must result, and a cross 
with the intermediate form FF'MM must give rise to hermaphrodites. 
The actual occurrence of these postulated types is demonstrated by one 
individual each in cases 1,3, V,i, and XII, and by three individuals in 
case IX,4 (tables 2-4). 

The correctness of our assumption seems assured by the great number 
of crosses with relatively few different plants, for which all crosses must 
show the same genetic formula. There are 69 crosses with 36 different 
plants: each plant appears in an average of four crosses, sometimes much 
oftener, and the genetic formula is seldom in doubt. 

No information is available concerning the origin of the aberrant factors 
F' and/'. My first assumption that the factors would be somewhat differ¬ 
ent in the various countries, and that we are dealing with different geo¬ 
graphical races in the sense of Richard Goldschmidt, has proved correct 
only in so far as the plants from Norway, Moscow and Allgaeu perhaps 
had a somewhat different quantity than the others, but the numbers are 
not sufficient to justify the assumption of factors F", /", etc. The plants 
from Central Europe were alike in that they showed both normal and 
aberrant forms. 

A necessary complement of the analysis is the examination of the 
chromosomes, which I expect to finish during the next years as I possess 
fixed material from almost every plant. The chromosome number of An¬ 
tennaria dioica has been determined by Juel (1900) to be 12-14 haploid, 
the same result being obtained by Bergman (1935) who counted 28 
chromosomes in the root-tips. My own rather superficial examinations 
show that in the embryo-sac and in the pollen mother cells chromosomes 
of very different forms and types appear which will perhaps make it 
possible to distinguish one of the chromosomes as the sex chromosome. 
In this case it remains to be determined whether and how the intersexes 
differ cytologically from the normal forms. 

summary 

In Antennaria dioica (L) Gaertn. a number of forms occur which accord¬ 
ing to their structure stand between the normal female and the normal 
male or surpass the latter. An explanation on a genetic basis is given for 
these forms and their inheritance investigated in a number of crosses. 

I am vexy much indebted to Miss Lilli zur Nieden who enabled me to finish this investigation 
by carefully reaping and sending to me the plants which had flowered during 1935, and to Mrs. 
Anny Planet for her help with the English text. 
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THE BUSSEY INSTITUTION OF HARVARD UNIVERSITY 

Founded 1S72—Closed June jo, to^\6 


T he Bussey Institution was founded in 1872, as a school of agricul¬ 
ture, and was named after Benjamin Bussey, on whose farm in 
Jamaica Plain the Institution was located. Benjamin Bussey’s will, 
drawn in 1835, provided for a school of agriculture and horticulture and 
anticipated, by more than twenty-five years, the Morrell Act of Congress, 
establishing the State Agricultural Colleges. The actual organization of 
the Bussey Institution was begun during the first year of President Eliot’s 
administration (1869), and the building was completed in 1872. 

The original faculty consisted of Dean Storer, who taught agricultural 
chemistry; Francis Parkman, as professor of horticulture; Thomas 
Motley, as instructor in farming; 1 ). D. Slade, as professor of applied 
zoology; and (j. F. Sanborn, as instructor in entomology. The first con¬ 
tribution in plant breeding from the Bussey Institution was an article on 
“Hybridization of Lilies,’’ published in the Bulletin of the Bussey Insti¬ 
tution by Francis Parkman, the famous historian. 

Professor Farlow began his work at the Bussey Institution in 1875, 
followed by Professor Goodale and C. E. Faxon. Farlow and Goodale 
moved to Cambridge in 1879. In 1895 Dr. Theobald Smith was appointed 
to the professorship of applied zoology. He became affiliated with the 
Medical School and established the Antitoxin Laboratory, which was 
erected in 1903. 

I'he Bussey Institution income was always meagre, but the early his¬ 
tory is especially depressing. During 1879-80 Dean Stoker received 
$500, and several members of the staff received no salary. For many years 
the farm was used for boarding horses and cattle, and to provide vegetables 
for the students’ dining hall at Harvard. The students paid for their tui¬ 
tion by cutting wood, which was sold to the professors in Cambridge. 

The Bussey Institution functioned as an undergraduate school of agricul¬ 
ture for about thirty years, and was then reorganized as a graduate school 
in applied biology. Professor W. M. Wheeler was called from the 
Natural History Museum in New York to take charge of this work in 1908. 
The same year Professor W. E. Castle established his work in animal 
genetics at the Bussey Institution, and a year later Professor E. M. East 
was appointed to take charge of plant genetics. Professor C. T. Brues 
joined the entomology department in 1910. In 1914 the department of 
forestry was affiliated with the Institution, and work in plant anatomy was 
started by Professor I. W. Bailey. A year later economic botany, under 
the direction of Professor Oakes Ames, was included. Professor Ames 
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maintained his laboratory in the Bussey until 1926, when he moved to 
Cambridge as Curator of the Botanical Museum. In 1930 the Bussey fac¬ 
ulty was merged with the faculty of arts and sciences, and the instructional 
and research work in entomology was transferred to Cambridge. 

Research work in genetics and plant anatomy was continued at the 
Bussey for the next six years. The limited income made it necessary to 
close the Bussey in June, 1936. Professor Castle retired, after having 
served on the Harvard faculty since 1897, and the other members of the 
Bussey faculty were transferred to the new Biological Institute in Cam¬ 
bridge. The Bussey greenhouses and breeding plots have been retained for 
experimental work in plant genetics and cytology. 

Since the reorganization of the Bussey as a graduate school, forty genet¬ 
icists have received the degree of Doctor of Science, twenty in animal 
genetics and twenty in plant genetics. Nearly all these graduates are ac¬ 
tively engaged in genetic research. Most of them hold important positions 
in various universities, federal bureaus, or agricultural experiment stations 
in the United States. A still greater number of geneticists have worked at 
the Bussey for shorter periods of time. Many of these men were post¬ 
doctorate students on traveling fellowships from foreign countries. 

The Bussey Institution has given rise to three vigorous offspring: the 
Arnold Arboretum, the Antitoxin Laboratory of the State Board of Health, 
and, indirectly, the new Biological Institute. The work in genetics will be 
continued at the Biological Institute. 


DOCTORATES CONFERRED BY HARVARD UNIVERSITY FOR 
WORK IN GENETICS AT THE BUSSEY INSTITUTION 


Mammalian Genetics 


J. A. Detlefsen 
E. C. MacDowell 
C. C. Little 
Sewall Wright 
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Tage Ellinger 
H, W. Feldman 
W. H. Gate^ 

L.H. Snyder 
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N. F. Waters 

F. H. Clark 

S. C. Reed 


Plant Genetics 


R. A. Emerson 
O. E. White 
0 . F. Burger 
J. B. Park 

G, F. Freeman 

D. F. Jones 

E. F. Gaines 

H. K. Hayes 
Edgar Anderson 
Karl Sax 
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W. S. Hsu 
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STUDIES OF INHERITANCE IN LOP-EARED RABBITS 

W. E. CASTLE AND S. C. REED 
Blissey InstitutioHj Harvard University 
Received December 9, 19^5 

I N 1909 Castle published some observations on the behavior of ear 
length in crosses between lop-eared and ordinary varieties of rabbits, 
describing the inheritance as blending. Shortly thereafter Lang (1911) 
applied to these observations the multiple factor hypothesis which had 
been formulated by Nilsson-Ehle on the basis of his studies of quantita¬ 
tive characters in oats and wheat. Since then, numerous studies of quanti¬ 
tative characters in animals and plants have served to establish firmly the 
multiple factor hypothesis. But no further study has been made of the 
peculiar ear character found in lop-eared rabbits. Castle has meanwhile 
shown that among other varieties of rabbits there is a close correlation 
between general body size and ear length, skull length, and leg length. 
During development, the body as a whole and its various parts grow faster 
lengthwise than transversely. So the general body form, and that of all 
elongated organs, becomes more slender as the absolute size increases. 
Accordingly, other things being equal, the larger the rabbit, the longer 
proportionally are its ears, its skull, and its legs. 

Lop-eared rabbits are one of the oldest recognized varieties of domestic 
rabbits and have undoubtedly attained their present excessive ear length 
as a consequence of long-continued selection. Other breeds of rabbits, 
for example Flemish Giants, exceed them in size of body, but none in 
length, width, and softness of the ears. This last characteristic (softness) 
they owe to a deficiency of cartilage in the ear, which makes it pliable and 
loppy and incapable of erection, as are the ears of ordinary rabbits. The 
body size of standard bred lop-eared rabbits is large, and that is one reason 
why their ears are long; but their ears are much longer than the ears in 
other breeds of rabbits of substantially the same body size. This shows 
that some additional agency operates to make the ears of lop-eared rabbits 
long. That it is a genetic agency there can be no doubt, for lop-eared rab¬ 
bits are known to be true breeding, and their peculiar character in crosses 
is transmitted equally through male and female individuals in the blending 
manner generally recognized as indicating the operation of multiple genes. 

In the light of what has been learned about heredity in the last highly 
fruitful quarter century, it has been thought desirable to make new ob¬ 
servations on the results of crossing lop-eared rabbits with ordinary 
breeds of rabbits. To this end, in March 1932, a trio of purebred lop-eared 
rabbits was obtained from Mr. T. Corbishly, Secretary of the Lop-Eared 
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Rabbit Club of England, through arrangements kindly made by Mr. E. C. 
Richardson. 

The results to be described in this paper were obtained by (a) crossing 
the lop-eared male with females of other breeds; (b) raising an Fs genera¬ 
tion from Fi parents; (c) backcrossing Fi females to the lop-eared male; 
or (d) backcrossing Fi individuals to the other parental (short-eared) 
stock. 

METHODS AND STOCKS EMPLOYED 

It has been our endeavor to grow the experimental rabbits under opti¬ 
mum conditions. To this end a mother has not been allowed to suckle more 
than 4 or 5 young at a time, the remainder of the litter, if any, being en¬ 
trusted to foster mothers. The young have been weaned, as a rule, when 
one month of age. At that time each animal was weighed, and measure¬ 
ments were made of its ear length and ear width. Thereafter the animals 
were weighed and had their ears measured once every two weeks until they 
were four months old. At this age growth of the ears is nearing completion, 
although growth of the body may continue to the age of a year, or even 
longer. 

As a basis for comparing individuals of different generations or litters, 
an estimate was made of the weight and ear measurement of each in¬ 
dividual at the age of 120 days. Ear lengths were measured with a thin 
ruler from the base of the ear to its tip, the ear being held vertical and 
slightly stretched. Three or four independent readings were made at each 
measuring to minimize observational errors. At 120 days rabbits of small 
to medium body size will have practically completed their ear growth. 
The ears of rabbits of larger body size will continue to grow at a steadily 
diminishing rate for a few weeks longer, but the proportional change will 
be small and may safely be disregarded for statistical purposes. The lop- 
eared male was said to be about ten months old when we received him in 
March 1932. He then weighed about 4,000 grams, and his ear length was 
25.5 cm. At four months old he probably had an ear length of about 24.0 
cm, judging by the growth rates ,of our 3/4 blood lop rabbits. We shall 
accordingly rate him as a 24.0 cm rabbit. 

He was mated with females of several diflFerent breeds, such as Blue 
Beveren, New Zealand Red, and the synthetic English-Dutch race of 
Castle. These range in body weight between 3,000 and 4^000 grams and in 
ear length from ii.o to 13.5 cm. He was edso mated with rabbits of smaller 
size, Himalayan and Polish derivatives. These ranged in weight from 2,000 
to 3,000 grams and in ear length from lo.o to 10.9 cm. 

THE El generation 

Eleven females in matings with the lop-eared male produced a total of 
65 Fi young, which were reared to maturity. The ear length of these in 
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relation to that of their mothers is shown in table i. In general, the greater 
the ear length of the mother, the greater the ear length of the offspring, 
all having the same father, the lop-eared male with an ear length of 25.5 
cm when full grown. One Fi individual was peculiar in having ears only 
slightly longer than those of its mother and not at all lopped. This animal 
(92994) at 4 months of age had an ear length of 11.6 cm, at which 
measurement it remained permanently. The mother of 9 2994 came of 
a purebred Himalayan family, and the seven sibs of the peculiar individual 
were very uniform in ear length (see table i. Mating A); but this one 
aberrant individual had singularly short ears and transmitted that pe¬ 
culiarity to her offspring, as we shall see. 

In general the ear length of the F i animals is nearer to that of the small 
races. This is not a matter involving superior maternal influence, since in 
a litter produced by the reciprocal cross (lop-eared 9 X normal cT) the 
Fi young had similar ear length. 

THE F2 and BACKCROSS POPULATIONS 

An Fj population was produced consisting of 165 individuals. Of these, 
19 resulted from matings within the first group of Fi individuals (matings 
A-E). Their variation in ear length is shown in the first section of table 2, 
the mean being 15.16 cm. The mean for the 146 F2 individuals classified 
in the second section of table 2 is 17.17 cm. As compared with the 19 F2 
individuals of the first section of table 2, these are larger animals and 
have longer ears, as might be expected from their ancestry. 

A backcross of Fi females to the pure lop male (their father) produced 
a population of 68 animals which are listed in table 4 as 3/4 lop. Twenty- 
three of these, descended from a small-sized grandmother (matings A and 
E, table i), had an average ear length of 19.20 cm. The remaining 45 were 
descended from larger mothers (matings F-H, table i). They had an 
average ear length of 20.07 cm. 

Backcrosses of Fi animals to the maternal parent stock produced the 
239 rabbits listed in table 4 as 1/4 lop. The peculiar Fi female (2994) which 
had an ear length of only 11.6 cm, produced 18 backcross young. They 
fohn a compact group, varying closely about a mean of 10.98 cm, which 
is intermediate between the ear length of their mother (11.6 cm) and that 
of their Himalayan father (9.9 cm). The litter mate sisters of this female, 
likewise from mating A but having ears dose to 15 cm long, produced 71 
backcross young. They vary about an average of 12.09 cm, which again 
is intermediate between the ear lengths of the respective parents, 15 and 
9.9 cm. The peculiar short ear character of 9 2994 would not appear to 
have been due to a single inhibiting or modifying factor derived from her 
mother, for in that case her backcross young should show a bimodal dis- 
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tribution owing to segregation on the part of the inhibiting factor. But 
in reality her backcross young are less variable than the young of her 
sisters (row 2, table 4), since their standard deviation was only .56 cm 
and their coefficient of variation 5.1; whereas her sisters’ young had a 
S.D. of .76 cm and a C.V. of 6.2. 

All backcrosses to the smaller Himalayan race, when combined, show 
an average ear length of 11.86 cm; all backcrosses to larger females show 
an average ear length of 14.42 cm. The coefficient of variation for the 
two groups is substantially the same (see table 4). 

DISCUSSION 

The Fi young of small race mothers are more variable in ear length 
than the F1 young of large race mothers, the former having a coefficient 
of variability of 7.8, whereas that of the latter group is 5.5. This indicates 
that the small mothers were less homogeneous than the large ones in re¬ 
gard to factors influencing ear length. The Fj generation bears out this 
interpretation. The Fs group from small mothers has a (?.V. of 8.8, whereas 
the group from large mothers has a C.V. of 6.8. The backcross to the pure 
lop-eared male has a similar implication. The young descended from small 
mothers have a C.V. of 6.6; the corresponding group derived from large 
mothers has a C.V. of 5.7. Castle (1922) has shown that among ordinary 
(non-lop) rabbits a close correlation exists between body weight and ear 
length (.83610.011). In the present investigation body weights and ear 
measurements were taken of 67 adult individuals as diverse in size as 
could be found in the laboratory at that time, ranging in weight from 
1,400 to 4,700 grams. In this case also a fairly high correlation was found 
between body weight and ear length, namely, 0.76 ' 0.03. This indicates 
that among ordinary rabbits variation in ear length occurs chiefly as a 
consequence of variation in general body size. The genetic agencies which 
produce large body size automatically produce long ears and vice versa. 
But the case is very different with lop-cared rabbits. Here a body size of 
4,300 grams, which among ordinary rabbits would be associated with an 
ear length of about 13.5 cm, is found associated with an ear length some 
12 cm greater, an increase of 90 percent. We are concerned with investi¬ 
gating what genetic agency has caused this remarkable change. 

It might be expected that so great a change in the size of the ear would 
be attended also with some change in its shape, but this apparently is 
not true. The relation of ear width to ear length remains about the same, 
irrespective of the absolute size of the ear. In the 67 adult individuals of 
various races, the ear length of which we measured, the ratio of ear length 
to ear width varied closely about a mode of 56 percent, regardless of 
absolute size (table 3). In a group of twelve 3/4 blood lop rabbits, the group, 
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of all those raised by us, having maximum ear size, the variation was very 
similar in character and the mean identical at .554. 

Table 3 

Ratio, ear length to ear width 


• SI -S* -53 34 SS -56 57 -S* -59 -60 Mean 

Frequency, mixed 

group 3 4 S 7 19 10 3 2 a SS -4 

Frequency,3/4lop 

group 12333 SS -4 

In the growth of the ear, as well as in its completed state, the relation 
of length to width changes very little from one month of age to maturity. 
Previous to one month, change in ear shape is more noticeable. 

The twelve 3/4 blood lop individuals whose length-width ratios are re¬ 
corded in table 3, gave the following average ratios at earlier ages. 

Age in months 111/22 3 4 5 6 

Mean ratio 59.03 58.03 57.60 57.10 56.32 56.34 55.91 

The change in the shape ratio was small and gradual between the ages of 
I and 6 months, amounting in all to only 3 percent. If, instead of cal¬ 
culating such ratios, ear lengths are directly plotted against ear widths 
on a logarithmic scale for the period between one and six months of age, 
lines apparently perfectly straight are obtained. Both methods indicate 
that no genes affecting shape independently of size are in evidence during 
the period of maximum growth. 

It would seem that all races of ordinary rabbits, irrespective of body size, 
would be equally available for crossing with pure lop-eared rabbits in a 
study of the genetic agencies responsible for the lop character, since all 
show a similar relation between body size and ear length. The genetic 
agency responsible for the added ear length of lop rabbits seems entirely 
lacking in ordinary rabbits, which differ in ear length chiefly because they 
differ in body size. If, accordingly, we can devise a means for equalizing 
the body weights of all rabbits studied, we can estimate what correspond¬ 
ing ear length each would be expected to have. 

The regression of ear length on body weight was calculated for the 67 
adult non-lop rabbits already mentioned. It was found that ear length 
increases one millimeter for each increase in weight of one hundred grams. 
The average body weight for the population of Fi lop rabbits at four months 
of age was 2,400 grams. If all animals listed in table 4 had this same body 
weight, their ear lengths would be directly comparable. Accordingly an 
ear leng^ was calculated for each individual on this basis, by use of a 



Actual ear lengths at four months of age of the various populations produced by crossing ordinary rabbits with a lop-eared individual 
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conversion factor of one mm for each hundred grams of weight. The ob¬ 
served ear length was increased if the animal weighed less than 2,400 
grams and decreased if the animal weighed more than 2,400 grams. Thus 
were obtained the calculated results shown in table 5. As thus treated, 
the Fi populations become less variable, and the difference between the 
progeny of small mothers (Matings A-E) and the progeny of large mothers 
(Matings F-K) becomes less. The former group still has the greater C.V. 
(5.5 as compared with 3.7), but this difference is due, principally, to the 
very aberrant individual produced in Mating A which had an actual ear 
length of 11.6 cm and a calculated ear length of 14.0 cm (table 5). Never¬ 
theless, the mean and mode for the ear length of the F1 progeny of small 
mothers remain lower than those for the Fi progeny of larger mothers 
(Matings F-K). They differ by almost two centimeters. This indicates 
that the two groups differ by more than body size alone. The small mothers 
apparently carry certain genes which tend to make the ears short, ir¬ 
respective of body size. But it may be that this apparent difference is due, 
in part at least, to the known earlier maturity of rabbits of racially small 
body size. The earlier the maturity of a rabbit, the more nearly would it 
have completed its growth at four months of age. 'I'he amount by which 
it falls below standard size would thus be underestimated, and the added 
ear length computed would fall below what it would be if all individuals 
had, at four months old, completed the same proportion of their full growth. 

The F2 populations show a relation similar to that shown by the Fi 
populations. Those from small and short-eared mothers (Matings A-E) 
have ears over a centimeter shorter than those derived from Matings F-K. 
Both groups are more variable than the F i groups from which they were 
derived. The C.V. for the Fi groups were 7.0 and 4.4 respectively; for the 
corresponding Fs groups the values are 8.8 and 6.6 respectively. Note, 
however, that the variation in Fj, as well as in Fi, is slightly less when 
corrected or “equivalent” values are taken (table 5) than when uncorrected 
values are taken, as in table 4. 

The 1/4 blood lop populations produced by backcrossing Fi to the short¬ 
eared parent races, as calculated in table 5, cover the range between the 
ear length of ordinary rabbits (non lops) and that of the F i populations. 
There is still the same difference between the derivatives of Matings A-E 
and the derivatives of Matings F-K, the former being shorter in ear length 
by two centimeters, either because of the presence of special genes for 
short ear in the small races, or because their earlier maturity results in 
under correction, or for both reasons. The variability (C.V.) is the same 
in both groups of 1/4 blood lops (5.9). It is less than in the F* groups, but 
greater than in the Fi groups, as we should expect on the multiple factor 
hypothesis. 
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Similar differences between the derivatives of Matings A-E and the 
derivatives of Matings F-K are found among the 3/4 blood lops (last two 
rows of table 5). The former are shorter eared by almost one centimeter. 
Their variability (C. V.) is substantially the same, but is somewhat less 
than that of the 1/4 blood lop populations. This again is what we should 
expect, as the lop-eared male which sired all the 3/4 blood lop individuals 
was purer, racially, than the mothers of the 5 blood lop populations. His 
race had been long selected for maximum ear length. The mothers in 
matings A • K and in the backcrosses which produced the 2 blood lop popu¬ 
lations, were from races largely unselected as regards ear length. The equiv¬ 
alent ear lengths of the 3/4 blood lops do not quite cover the range between 
Fi and the pure lop-eared ancestor. 

On the whole, there is nothing in the results of these experiments at 
variance with the accepted multiple factor theory of inheritance, which 
supposes that an apparently blending inheritance results from the action 
of numerous genes located in many different chromosomes and so segre¬ 
gating independently. 

However, we can not ignore the possibility that cytoplasmic, as well 
as gene, influences may be involved in producing an altered ratio between 
body weight and ear length, as, for example, in the peculiar short-eared 
Fi female, 2994. She is similar in body size to her sibs, and yet has much 
shorter ears. It would seem, accordingly, that she must possess one or 
more genes which inhibit the action of the lop-ear genes inherited from her 
sire. If so, she should be more highly heterozygous for genes affecting ear 
length than her more normal sisters. For, like them, she would have in¬ 
herited from their common sire (the purebred lop male) a full set of lop- 
ear genes, but from their mother she would have inherited more than 
their equipment of short-ear genes. Hen( .* she would be more highly 
heterozygous than her sisters, and her gamcric output would be potentially 
more variable. In reality, however, when mated to a purebred Himalayan 
male, she produced a group of 18 offspring which were less variable than 
the 71 offspring produced by her sisters mated to the same male. 

A possible alternative explanation, in terms of genes, would be to sup¬ 
pose that a mutation had occurred in the gamete contributed by the lop- 
eared male to produce 9 2994, so that it carried less than the normal equip¬ 
ment of lop-ear genes. The zygote, in that case, (i) would have a lower 
(somatic) ear length than her sibs of identical parentage, and (2) would 
be less heterozygous than they for genes affecting ear length, as is indicated 
by the 1/4 lop population (table 4). 

A more orthodox Mendelian explanation is equally possible, it being 
assumed that an extreme minus variant coming from the lop-eared parent 
happened to combine with an extreme minus variant from the short-eared 
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parent, the result being a zygote somatically extremely low in ear length 
but with only normal variability in the next generation about a lowered 
(intermediate) mean. 

The blending or intermediate character of the inheritance of lop-ears, 
both in Fi and in the backcrosses, shows that the genes which differentiate 
pure lop-eared rabbits from ordinary ones must be numerous and cumula¬ 
tive in their action. How numerous they are, it is impossible to say. Appli¬ 
cation of the Castle-Wright formula (Castle 1921) to the F-K matings 
(table 6) indicates that the lop race differs from the F-K non-lop parental 
animals by about 22 genes for ear size, if it be assumed that each of these 
genes exercises the same quantitative influence as every other such gene. 
Since this assumption is of doubtful validity, the estimated number, 22, is 
probably too high. 

A study of the range of variability of Fa and backcross generations often 
allows one to estimate the number of important genes affecting the ex¬ 
pression of a quantitative character. Possibly both parental types (short 
and lop-ears) would have been regained in the F*, had a sufficiently large 
generation been raised. In the backcross to the parental race with short 
ears, 20 out of 150 of the backcross young had ears as short as those of the 
short-eared parents (table 4). The parental range was also regained when 
the Fi animals were backcrossed to the lop race. Were there as many as 
10 factor differences (all equal and additive in their action) between short- 
and lop-ears, we should expect to regain the parental type of factor com¬ 
bination in only one out of 1,024 animals. Actually we regained the parental 
type in about one out of every 10-50 animals, which allows us to conclude 
that the number of important factor pairs differentiating the lop race from 
ordinary rabbits is probably less than ten. 

If genes located in particular chromosomes are responsible for the greater 
ear size of lop-eared rabbits, the question arises, is it possible to identify 
such chromosomes by means of linkage studies? We have a certain amount 
of data bearing on this question, but its indications are wholly negative. 

1. In backcrosses to the short-eared Himalayan race employed in Mat¬ 
ing A, there were produced 48 colored young having a mean ear length of 
14.91 cm; also 34 Himalayans having a mean ear length of 14.60 cm, a 
non-significant difference indicating no linkage between short ears and 
albinism. 

2. The dominant English coat pattern was introduced into certain of the 
Fi individuals in Mating H. Among the 1/4 lop animals derived from this 
cross there were 79 English individuals having an estimated ear length of 
16.78 cm, and 51 non-English with an average ear length of 16.62 cm, an 
insignificant difference. 
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3. The agouti factor was introduced into certain Fi individuals by the 
non-lop parent. Among the 1/4 lop anmials derived from Matings F-K 
there were 34 agouti individuals with an average ear length of 16.86 cm, 
and 24 non-agoutis with an ear length of 16.73 cm, a difference devoid of 
significance. 

4. The lop-eared male was a sooty yellow. All F1 individuals which were 
black pigmented consequently carried yellow as a recessive character 
which should show coupling with lop-ear. Back-crosses of such Fi black 
females with their father produced, among the 3/4 lops, 29 sooty yellows and 
32 blacks. The former had an average ear length of 19.63 cm; the blacks 
had an ear length of 20.04 cm. There is thus seen to be no difference in ear 
length favoring the yellow young. 

These findings, inconclusive though they are, on account of the small 
numbers observed, give no indication of the presence of genes for lop- 
ear in the four chromosomes which harbor the genes for albinism, English, 
agouti, and yellow, respectively. It is true that these are only four of the 
22 chromosome pairs of the rabbit, and it is possible that genes affecting 
ear length are located in the 18 other chromosome pairs. It is also true that 
if a single gene for lop-ear were present in one of these chromosomes, yet 
had by itself only a minor influence on ear length, this influence might well 
be masked by the influence of other genes present in undetermined combi¬ 
nations. 

We have seen that ear size is influenced by general body size, which, in 
turn, is influenced by rate of development of the fertilized egg. But there 
must be also in lop-eared rabbits an especial accelerated development in 
the head region, which makes the ears of lop-eared rabbits, or lop-eared 
crossbred derivatives, noticeably larger at birth than the ears of ordinary 
rabbits. The persistence of such an initial difference would account satis¬ 
factorily for the subsequent greater ear length of lop-eared rabbits. We 
can not assume that the supposed accelerated development in the head 
region is due to a special localized organization of the cytoplasm of the 
egg, since we know that the sperm is equally capable of inducing it. 

The case of the short-eared mouse shows us that a single gene may be 
responsible for retarded development of the ear, which makes its ultimate 
length less. We know definitely that the gene in this case is located in the 
same chromosome with the gene for dilution. It seems reasonable to sup¬ 
pose that, in the case of the rabbit, a series of gene mutations having an 
opposite effect on ear length has taken place; that each of these, considered 
separately, has only a minor effect, but cumulatively they make all the 
difference between the lop-eared and ordinary rabbit. Yet the initial 
mutation or chance coincidence of mutations which formed the starting 
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point for human selection must have been sufficiently obvious to attract 
attention, after which new mutations having a like effect would be incor¬ 
porated and retained in the selected race. There is reason to think that 
mutations having a contrary effect also occur among rabbits as well as 
among mice. The breeders’ standard for Polish rabbits insists that the ears 
be as short as possible. This shortness is secured, in part, by keeping the 
body small, but to some extent also by special shortening genes. For it will 
be observed, in tables 4 and 5, that in our Mating A-E, in which mothers 
of small racial size were used, the progeny have shorter ears than the deriv¬ 
atives of mothers of larger racial size, even when correction is made for 
the differences in body size among the progeny. This indicates that in the 
rabbit, although there is (other things being equal) a strong correlation 
between general body size and ear size, there are also special genes influenc¬ 
ing ear size, and chance mutations in these have been utilized in the pro¬ 
duction of lop-eared rabbits in large-bodied races and of notably short¬ 
eared rabbits in small-bodied races. This conclusion is in harmony with 
Wright’s (1932) finding, based on a statistical examination of Castle’s 
size inheritance data, that although the various parts of the body form a 
harmonious system varying in unison and controlled by general body size, 
nevertheless to a minor extent variation in one part takes place independ¬ 
ently of other parts. 


SUMMARY 

1. A renewed study of the inheritance of ear length in crosses between 
lop-eared and ordinary short-eared rabbits supports the multiple factor 
interpretation first applied to the case by Lang. 

2. Ear length among ordinary breeds of rabbits is closely correlated 
with general body size. A similar influence of body size on ear length is 
found also among lop-eared rabbits, but special mutated genes in the case 
of purebred lop-eared rabbits nearly double the ear length as compared 
with that of ordinary rabbits of like body size. 

3. The increased size of the ears in lop-eared rabbits has not been at¬ 
tended by any change in the shape of the ear. The ratio of ear length to 
ear width is nearly the same in all breeds of rabbits and at all ages between 
one month and maturity. It varies closely about a miodal value of 0.56. 

4. There are indications that mutations decreasing the size of the ears 
in relation to that of the body have also occurred among rabbits, and that 
such mutations have been incorporated in such small-bodied and short¬ 
eared breeds as Polish. 
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S EVERAL years ago Green made a cross between two races of mice of 
very different body size, the experiment being designed to throw light 
on the mechanism of size inheritance. His working hypothesis was that dif¬ 
ferences in body size are determined by genes borne in chromosomes, that 
such genes are numerous, and that accordingly it should be possible to 
demonstrate the existence of certain of them in the same chromosomes as 
contain coat color genes. 

As a small parent race, he used Mus bactrianus ;a.s a large race of nearly 
twice as great body size, he used Little’s dilute brown race of Mus 
tnusculus. The small race contained the three independently inherited 
dominant genes, agouti (A”), black, and dilution. The large race contained 
the three recessive alleles, non-agouti, brown, and dilution. In F* and 
backcross populations it was found that larger body size was associated 
with each of the recessive segregates, non-agouti individuals being larger 
than agoutis, browns larger than blacks, and dilutes larger than intense 
individuals. This was regarded as supporting the hypothesis that in each 
of the, three marked chromosomes derived from the larger parent there 
was present one or more genes for larger body size. On further investiga¬ 
tion, however. Green concluded that the differences observed were suf¬ 
ficient to have unmistakable statistical significance only in the case of the 
chromosome containing the brown gene. This was the state of the question 
when we undertook its further investigation. We attempted a substantial 
repetition of Green’s experiment with slightly different stocks available 
to us. As a small parent race we used at first not Mus bactrianus but a 
supposed domestic derivative of it, the race of black-and-white Japanese 
waltzing mouse studied by Gates (1926). Later, through the kindness of 
Drs. Green and Little, we were able to employ also the same strain of 
Mus bactrianus which Green had employed. As the larg^ parent race in 
both these crosses (which, for convenience, we may call Cross i and Cross 
2, respectively), we used a derivative of Little’s dilute brown race in 
which two additional recessive gene mutations had been incorporated, 
namely pink-eye and short-ear. 

The Fi animals produced by both crosses were only a little smaller than 
animals of the larger parent race but were of remarkable vigor, fecundity, 
and longevity. Both were reciprocally backcrossed to Little’s dilute 

^1: 310 July 1936 
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brown race of M. musculus. The Fi animals from Cross i were also back- 
crossed to the actual musculus parent race, the pink-eyed short-eared 
dilute brown race of Gates. We may now proceed to the discussion of these 
backcross populations. 

BACKCROSS OF F| FEMALES FROM CROSS I TO D BR MALES 

In a previous paper, we have discussed the mature body weight and the 
body length at age six months of this population consisting of 1,236 ani¬ 
mals. We have shown, in confirmation of Green’s earlier conclusion, that 
brown individuals are heavier and longer bodied than blacks, and that 
dilute individuals are heavier and longer-bodied than intense ones, though 
the difference is less in the case of dilution than in that of brown, as Green 
had previously observed. But we have been led to adopt an explanation 
for the manifest superior size of brown and of dilute segregates different 
from that of Green. Instead of invoking the action of size genes located in 
the same chromosomes as the brown and dilution genes, we assume that it 
is the physiological action on growth of the brown gene and the dilution 
gene themselves which produces the observed effects. To this question we 
shall return later. For a detailed statement of results as regards weight and 
body-length, the reader is referred to our previous publication. Castle, 
Gates and Reed (1936). 

At the time these mice were chloroformed and measured as to body 
length, their tail length was also measured by Sumner’s method, keeping 
the body under a uniform tension of 20 grams. We have only recently 
studied the data on tail length, which show one surprising and unexpected 
feature. The greater size of brown and of dilute individuals, as compared 
with black and intense individuals respectively, finds expression as ex¬ 
pected in all three criteria studied, namely, (i) maximum weight at or 
prior to six months of age, (2) body length, and (3) tail length at age six 
months. Brown has regularly a greater influence than dilution on weight 
and body-length, as reported in our previous publication, but as regards 
tail-length their relations are reversed. Dilution has a greater influence 
than brown in elongating the tail. This is the unexpected feature of a 
study of tail length in the backcross population, and it finds support, as 
we shall see, in the backcross from Cross 2. The data on the variation in 
tail length of the backcross population are contained in table i. The num¬ 
bers there reported (637 females and 439 males) are smaller than for the 
body length studies reported in our previous paper because of occasional 
injury to the tail (particularly in the case of males caged together). A 
single domineering male will, by biting the tails of his cage mates, destroy 
the possibility of obtaining normal tail measurements for them. Neverthe¬ 
less the available data for both sexes are entirely in harmony, in that they 
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show that the tail length of blues is greater than that of browns, the order 
of size among the color classes as regards tail length being (i) black, (2) 
brown, (3) blue, and (4) dilute brown. Brown females as compared with 
blacks have an increased tail length of 1.5 percent, but dilute females as 
compared with intense have tails 2.3 percent longer. Also brown males 


Table i 

V ariotion i n tail length offour different color classes from matings of Fi females from 
Cross I to d hr males 




PEMALB8 



MALES 


NO. 

MKAN 

8.D. 

NO. 

MEAN 

8. D. 

Black 

151 

75 - 5 ± -22 

S-pSi .IS 

103 

78 . 7 ± -27 

4.09± .19 

Blue 

170 

77 - 5 ±-i 9 

3.761.14 

II6 

80.1±.24 

3.861.17 

Brown 

159 

76.$+ .22 

4 o8± .IS 

I 2 I 

79. o± .27 

4.40±.19 

Dil. Brown 

157 

78.5+ . 22 

4-07± .15 

99 

81.7i.23 

3.381.17 

Total 

637 

77.2+ .11 

4.io± .08 

439 

79.8±.I3 

4-151.09 

All Blacks 

321 

76 . 5+-15 

3.96± .10 

219 

79.41.18 

4.031.13 

All Browns 

316 

77.7+ .16 

4. i8± . 12 

220 

80.2± . 19 

4.101.13 

All Intense 

310 

76.2± .15 

407+ .12 

224 

78.8t.l8 

4.101.13 

All Dilute 

327 

7« o± .15 

3 - 93 ±io 

215 

80.84 ± . 17 

3.74! .12 

Brown minus Black 


i.20± .22 = 5.4 


.80± .26 = 3.0 

Dilute minus Intense 


i.77±.2t 

=8.4 


1.98± .24=8.2 


as compared with blacks, have tails 1.2 percent longer, but dilute males as 
compared with intense have tails 2.6 percent longer. In both sexes dilution 
has an influence on tail length superior to that of brown, although in regard 
to body length and total weight the relation is reversed. Both mutant genes 
(brown and dilution) for which segregation is occurring in this backcross 
population have a positive (increasing) effect on general body size, as 
indicated in body weight, body length, and tail length. Their combined 
action is also additive or cumulative in all cases. But apart from general 
body size, there would seem to be also a special specific influence of dilu¬ 
tion on tail length. 

BACKCROSS OF Fi MALES FROM CROSS I TO D BR FEMALES 

We were able to obtain a smaller population from this backcross than 
from the reciprocal one already discussed because of the smaller number 
of mothers available. The number studied is approximately too of either 
sex, more exactly 99 females and 106 males. Comparative data on the seg¬ 
regation in this and the reciprocal backcross are contained in table 2. 

In making this comparison we are interested in two questions: (i) will 
the chromosornes marked by brown and dilution here show the same 
accelerating influence on growth as in the reciprocal backcross, and (2) 
is there a significant difference in size between the progeny of Fi mothers 
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mated with d br males and the progeny of d hr females mated with Fi 
males? In other words, has the large race mother any superior influence 
on the size of her offspring? Table 2 contains the answer to the first ques¬ 
tion, an emphatic affirmative. Brown and dilution are found in heavier and 
longer-bodied individuals than their alleles in this as in the reciprocal 
backcross. Also brown has a greater influence than dilution in both sexes 
in increasing the average weight and body length; but brown has in both 
sexes less influence than dilution in increasing length of the tail, exactly as 
in the reciprocal backcross. We may accordingly, for qualitative effects, 
combine the data from both backcrosses, weighting each in proportion to 
the number of individuals which it contains. This procedure gives us the 
weighted means printed in italics in table 3. 

Table 3 

Percentage change in body size effected by the gene mutations brown (b) and dilution (d) in reciprocal 
backcrosses between Fi hybrids and the d br race 

raUALBS MALES 


GENE 

MOTHER 

WEIGHT 

BODY 

LENGTH 

TAIL 

LENGTH 

WEIGHT 

BODY 

LENGTH 

TAIL 

LENGTH 

b 

9 F, 

00 

1-45 

1 56 

430 

2.04 

I . 20 

b 

9 d br 

2.37 

1.28 

.58 

4*77 

1.38 

I 09 

Weighted mean 

3 07 

1.40 

1-43 

4-37 

1.90 

I. 18 

d 

9 F, 

1.86 

.82 

2.36 

2.30 

.98 

2.60 

d 

9 d br 

6-54 

2.84 

3-36 

2 31 

I .06 

3-94 

Weighted mean 

2.47 

l.od 

2.48 

2.30 

•99 

2.80 


The second question, one of considerable theoretical interest, as it in¬ 
volves a possible differential maternal influence on the size of offspring, 
finds its answer in table 2. The d br (large race) mothers produce larger- 
bodied offspring in both sexes, if we rely on the criterion of body length 
alone, undoubtedly the most reliable criterion. The differences between 
the means of the two groups are statistically significant. If we judge by 
body weight, female offspring of the large race mothers are also signifi¬ 
cantly larger, but there is no significant difference in the case of males. As 
regards tail length, no significant difference is found in either sex. 

RECIPROCAL BACKCROSSES OE Pi ANIMALS PROM 
CROSS 2 TO THE D BR RACE 

The Fi animals from this cross showed (but were heterozygous for) the 
three dominant characters, agouti, black, and intensity. Qn backcrossing 
them with the d br race which is homozygous for the corresponding re¬ 
cessive alleles, non-agouti, brown, and dilution, eight classes of colored 
offspring were obtained. In the left half of table 4 and of table 5 will be 
found a summary of the data on the body ^e of each of these eight classes 
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Comparison of the several classes of females produced by reciprocal backcrosses between F\ individuals from Cross 2 and the d hr race 
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as indicated by weight, body length, and tail length, when an Ft female 
was the mother. In the right half of these same tables will be found corre¬ 
sponding data for the reciprocal backcross in which a d br female was the 
mother. 


Table 6 

Percentage change in the body size of females effected by the gene mutations^ a, 6, and dy in reciprocal 
backcrosses between F\ individuals from Cross 2 and the d br race 


OBNB 

MOTHER 

WEIGHT 

BODY LENGTH 

a:a 1 L LENGTH 

DIFF. 

AND F.E. 

PERCENT 

INCREASE 

DIFF. 

AND P.E. 

PERCENT 

INCREASE 

DIFF. 

AND P.E. 

PERCENT 

INCREASE 









a 

Bact. 

.46± . 14 

1.94 

.2I±.20 

•33 

.68± .28 

.84 

a 

9 d br 

•83 

3-40 

•05 

•05 

^• 38 ± .52 

1.84 

Weighted mean 

^54 

2,26 

•^7 

,26 

■83 

1.06 


9 F, 







6 

Bact. 

1.40+ .18 

1.94 

I.21±.20 

1.30 

.68 ±.28 

.84 

b 

9 dbr 

1-33 

S -48 

.64 

.68 

• 7 i± *52 

•94 

Weighted mean 

/ 38 

2.71 

1,08 

1.16 

.68 

.85 

d 


.i 3 ± .17 

•54 

.77+ . 20 

.82 

^• 77 ± -25 

2.37 

d 

9 d br 

.08 

•33 

-.07 

-.07 

i.52± .48 

2.04 

Weighted mean 

,12 


.55 

.62 

1,71 

2.29 




' Tablk 7 




Percentage change in the body size cf males effected by the gene mutations, i 

7, b, and d, in reciprocal 


backcrosses between F\ inidividuah from Cross 2 

and the d br race 




WEIGHT 

BODY LENGTH 

TAIL LENGTH 

GRRE 

MOTHER 


— 






DIFP. PERCENT DlfP. PBKmNT DIFK. PXRCVNT 



AND PJB. 

INCREASE 

AND P.E. 

INCREASE 

AND P.E. 

INCREASE 

9 F, 

a Bact. 

-■ .29± . 21 

— 1.40 

— .81±.22 

-•83 

- . 23 ± . 29 

-.30 

a 9d br 

-.14 

-.44 

•03 

•03 

• S9± .56 

.76 

Weighted mean 

- 25 

-i.j8 

— .60 

— .61 

-.04 

“•05 

9F, 

b Bact. 

I. 30 ± -21 

4.40 

I . 56 ± . 20 

1.60 

i. 50 ± .30 

1.96 

b 9d br 

2.12 

6.97 

.78 

•79 

2.14± .58 

2.79 

Weighted mean 

1.49 

4.99 


1.41 

1,64 

2^13 

9Fi 

d Bact. 

. 32 ± .22 

1.00 

.74± -22 

•75 

2.10± .30 

2.75 

d 9 d br 

I-I3 

3-66 

1-43 

1.46 

3 - 03±.57 

3*97 

Weighted mean 

• 5 ^ 

1.61 

,89 

.pi 

2-31 

3-03 


The question as to the relative influence of Fi mothers and d br mothers 
on the size of their offspring will be clear from an examination of these 
tables. In each of the eight color classes, in both sexes, the d br mothers 
produce the heavier offspring. The same superiority of the progeny of d br 
mothers is found as regards body length in seven of the eight color classes 
of ea(^ sex, and of course emphatically when all color classes are combined. 
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As regards tail length, there is no uniform superiority of the progeny of 
large race mothers, though in general, particularly among the males, d br 
mothers produce the longer-tailed progeny. 

The relative influence of each of the recessive genes on the body size of 
the offspring in these backcrosses is shown in tables 6 and 7. Non-agouti 
females are larger than agouti females by all three criteria, weight, body 
length, and tail length (table 6), though as regards body length (the best 
criterion) the difference is negligible. But among the males a contrary 
relation is found, since agouti individuals are larger-bodied than non¬ 
agoutis by all three criteria. It is accordingly not shown that the non¬ 
agouti mutation, though derived from the larger parent race, has any 
consistent influence either to increase or to decrease body size. 

I’hc brown mutation (b) is shown in this cross, as in all others, to in¬ 
crease body size, as judged by all three criteria. Brown females are more 
than 2.5 percent heavier and brown males are 5 percent heavier than 
black individuals of the same sex. Brown females are also i.i percent longer 
bodied and brown males are 1.4 percent longer-bodied than black ones. 
Brown females have tails less than r percent longer than blacks, but brown 
males have tails more than 2 percent longer than blacks. By all criteria 
males show a greater increase in size than females, as in the backcrosses 
previously discussed. 

Dilution, as in the other crosses, increases size in both sexes in lesser 
amount than brown as regards weight and body length, but in greater 
amount as regards tail length. Tail length is increased 2.29 percent in dilute 
females and 3.03 percent in dilute males, the corresponding increases for 
brown individuals being .85 percent and 2.13 percent respectively. A spe¬ 
cial influence of the dilute gene (or the dilute chromosome) on tail length 
is thus shown to occur in four backcross populations, namely, in the recip¬ 
rocal backcrosses both from Cross i and from Cross 2. 

BACKCROSS OF Fj FEMALES FROM CROSS I TO MALES 
OF THE MATERNAL (se) RACE 

This backcross, like those already described, was made reciprocally, 
but owing to an insufficient supply of se females being available, only the 
backcross in which Fi mothers were used has as yet produced a population 
large enough for useful discussion. We shall accordingly, for the present, 
confine our attention to this alone. 

This backcross is of interest not only because it gives additional evidence 
on the effect of brown and dilution on body size but also because it yields 
data on the effects of two additional gene mutations, pink-eye and short- 
ear. Since short-ear is closely linked with dilution, the number of pheno¬ 
types produced by the backcross is eight, except when a crossover occurs 
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(about once in a thousand). The number of individuals produced was larger 
in this than in any of our other backcrosses. We present data on a popula¬ 
tion of 930 females and 917 males, a total of 1,847 individuals. It would 
be a needless use of space to report the detailed study which has been made 
of the variation of each color class in weight, body length, and tail length. 


Table 8 

Comparative variability oj females of the several color classes produced by a hackcross of Fi females to the se race 




WEIGHT 


BODY LENGTH 

TAIL LENGTH 


NO. 

MEAN 

S.D. 

MEAN 

S.D 

MEAN 

S D. 

Black 

126 

23.12± .18 

2.9S± .12 

0I.OO± .20 

3.2s! .14 

70 2oi . 26 

4.13! .18 

Blue se 

J33 

22.82± . 15 

2.66± .11 

90.27! .16 

2.73! .11 

78.77! .23 

3.96! .16 

Brpwn 

124 

22.7I± .16 

2.6s± .11 

00. so! .20 

3-.10! .13 

70 32! .28 

4.62! .19 

D br sc 

124 

22.49± .17 

2.77± .12 

90.92! .19 

3.20! .14 

78.29! .27 

4.55! .20 

PE Black 

n8 

23.2I± .17 

2.8i± .12 

00 32! .20 

3.21! .14 

78.12! .25 

3.90! .17 

PE Blue se 

98 

22,02± . 16 

2.44t .12 

89.93! 25 

3.71! .iS 

78 13±.20 

4. 22i . 20 

PE Brown 

119 

24.09± .20I 

3.3I± .24 

91.42! .20 

3.34! .15 

78 91± 23 

3.84! .16 

PE d br se 

88 

22.SO± .10 

2.65! ,13 

00.76! .19 

2.90i .IS 

78 03! .30 

4.18! .21 

Totals and means 

930 

33.83! .06 

3.78! .04 

90.65! .07 

3.2x! .05 

78.75! .09 

4.14! .06 


We shall content ourselves, therefore, with a summary of the data. Tables 
8 and 9 show, for each sex separately, the mean values and variability as 
regards the size characters studied in the case of each color class. Table 
10 shows the influence of each mutant gene on the size characters studied. 
In the case of short-ear and dilution, it is possible to estimate only their 


Table o 

Comparative variability of males of the several color classes produced by a backcross of F\ females to the se race 




WEIGHT 


BODY LENGTH 

TAIL LENGTH 


NO. 

MEAN 

S.D. 

MEAN 

S.D. 

MEAN 

S.D. 

Black 

126 

28.11! .19 

3.20! .13 

94 32! .20 

3.24! .14 

80.72! .28 

4.50! .20 

Blue se 

117 

27.81! .19 

3.04! .13 

94.36! .17 

2.64! .12 

80.7s! .29 

4.40! .20 

Brown 

lor 

30.31! .25 

3.8ii.i8 

96.41! .24 

3.61! .17 

82.74! ..55 

5.Hi .24 

D br sc 

117 

28.46! .21 

3.47! .15 

95.33! .22 

3.60! .16 

81.06! .29 

4.52! .20 

PE Black 

zoo 

28.42! .22 

3.24! .IS 

94 .51! .23 

3.40! .16 

80.49! .33 

4.70! .23 

PE Blue se 

121 

26.69! .18 

2.98! .13 

93.12! .10 

3.09! .13 

79 85! .29 

4.65! .21 

PE Brown 

136 

29,46! .18 

3.20! .13 

95.83! .19 

3.39! .13 

81 53!. 29 

4.84! .20 

PE d br se 

99 

37.02! .25 

3.68!.i8 

94.42! .19 

2 . 79 ± .13 

8i.i6i .25 

3.53! .*« 

Totals and means 

917 

38.38! .08 

3.60! .06 

94-8 o ±. o 7 

3.37! .05 

8 x.oi! .10 

4.60! .07 


combined effect. In other backcrosses we have found that dilution regu¬ 
larly increases body size, but it is dear from this cross that short-ear de¬ 
creases size more than dilution increases it, so that their combined action 
is a decrease even greater than the increase made by brown, which, up to 
this time, had been found more influential thflji any other single gene mu¬ 
tation on body size. The decrease in weight ;|iinounts to 3.67 percent for 
females, 5.74 percent for males. How great tli^ decreasing effect of short- 
ear on body size would be, apart from dilution, it is impossible at present 
to state; Among other gene mutations which decrease body size must 
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undoubtedly be included dwarf and waltzing, but as yet we have no data 
on their quantitative influence. 

Brown, as in other backcrosses, has a tendency to increase all size char¬ 
acters studied. Pink-eye, on the other hand, though also derived from the 
larger parent race in the original cross, has a tendency to decrease size in 
the backcross. This tendency is manifested in all characters studied except 
weight in the case of females. Here some extremely fat individuals made 
the average weight for all pink-eyed females exceed that of the dark-eyed, 

Table 10 

Influence of particular genes on body size in the backcross to the se race, as indicated by percentage 
increase or decrease (—) of the average. 

nSMALF'' llALKB 



WeiOHT 

BODT 

TAIL 

WEIQHT 

BODY 

TAIL 

Brown 

SE 4 -Dilution 

Pink-eye 

.68 

-3-67 

•74 

.60 

-.40 

-.09 

. 10 

-“•74 

-.76 

3.80 

-5 -74 

- 2.77 

i ^53 

— 1 .01 

- .19 

1-45 

-.82 

-.69 


but as regards body-length and tail-length, pink-eyed females as well as 
males, fell below the dark-eyed. The effect of pink-eye in decreasing body 
size is small but consistent in both sexes (except for weight in females) 
and so may be accepted as genuine. 

We are now in a position to consider the theoretical question, is it link¬ 
age with size genes borne in the same chromosomes, or is it the physiologi¬ 
cal action on growth of the mutant genes themselves which is responsible 
for the effects noted in these mouse crosses? The larger parent introduced 
mutant genes which mark four of the twenty chromosomes of the mouse, 
namely, (i) agouti, (2) brown, (3) dilution and short-ear, and (4) pink-eye. 
On the linkage hypothesis we should expect to find larger body size asso¬ 
ciated with each of these genes in the backcross segregates. From the re¬ 
sults of our study it appears that there are no linked size genes in the agouti 
chromosome or the pink-eye chromosome, since agouti individuals do not 
consistently differ from non-agoutis, and pink-eyed segregates are actually 
smaller than dark-eyed, contrary to expectation based on the linkage 
hypothesis. Dilution is associated with larger size when short-ear is not 
present, and brown is regularly found in the larger-bodied segregates. For 
the linkage hypothesis we have then, thus far, two positive and two nega¬ 
tive tests. But under further examination of the positive cases, the linkage 
h3qx>thesis breaks down. The case of dilution and short-ear affords a crucial 
test. Dilution by itself increases size, but when short-ear is present, size is 
decreased. But dilution and short-ear are closely linked, crossovers occur¬ 
ring less than once in a thousand times. If linkage with a size gene were 
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responsible for the larger size of dilute animals, this gene should become 
effective irrespective of the presence of short-ear, since it would become 
homozygous when either dilution or short-ear became homozygous; but 
we find that dilution increases body size even when short-ear is present 
as a heterozygote; yet when short-ear is homozygous, size is decreased 
even in the presence of dilution. We are thus forced to assume a physiologi¬ 
cal action of short-ear on growth. If we concede the existence of such an 
effect to short-ear, there is no reason why we should not concede also to 
dilution an influence of a contrary character. Indeed that seems to be the 
only logical explanation of the observed facts. But if short-ear and dilution 
affect growth by their physiological action and thus influence body size, 
there is every reason to suppose that similar action is exercised by brown. 
Feldman (19.55) has presented evidence supporting this view. 

Size inheritance has long been supposed to result from the joint action 
of many genes, but in mammals we have hitherto lacked evidence of what 
these genes were or how they acted. For the mouse we are now able defi¬ 
nitely to identify as genetic modifiers of body size the mutant genes 
brown, dilution, and short-ear. They act through their influence on general 
body size as manifested in length of trunk and tail and total body weight. 
This means probably that their action begins early and continues through¬ 
out growth. For dilution we have the interesting observation that besides 
its general action on body size, it exercises a special influence toward in¬ 
crease in the length of the tail, not great enough, however, to counteract 
the contrary influence of short-ear when present. Wright, Davenport, 
Sumner, and others have found evidence of the existence in mammals of 
special genetic influences local in their action. This demonstrated action 
of dilution supports that interpretation. It must mean, in physiological 
terms, that though the dilution gene is probably active throughout growth 
and thus influences size of the animal as a whole, it is especially active at 
that stage in development when the tail is being formed. 

There is a genetic difference between Mus bactrianus and the Japanese 
waltzer in length of tail. The tail in M. bactrianus is relatively shorter. 
This difference is manifested in the backcross populations. For animals of 
the same body size, those descended from a Japanese waltzer have longer 
tails than those descended from M. bactrianus. The backcross populations 
produced by d br males, when mated with Fi females from Cross i and 
from Cross 2, may be compared as to their size indices in table it. The 
animals derived from Cross 2 are seen to be about 1 percent longer-bodied 
and 10 percent heaAuer, but their tails are 3 or 4 percent shorter. This is 
independent of the action of dilution in lengthening the tail, because its 
intfiience is present equally in both populations, and its action is positive 
in both cases, as already stated. But the genetic basis on which dilution 
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may act is different in the two backcrosses. M. bactrianus has a genetic com- 


plex for shorter tail length than the Japanese waltzing mouse. 

Table ii 

Mean size of backcross animals from Cross i and Cross 2 compared 

, 

WEIGHT 

BODY LENGTH TAIL LENGTH 

Females, from Cross i 

22.25 

92.17 

77.20 

Females, from Cross 2 

24-85 

93-38 

75 30 

Ratio 

III .6 

101 3 

97.5 

Males from Cross i 

28.9Q 

96.71 

80,84 

Males from Cross 2 

31*53 

97-83 

77-78 

Ratio 

108.7 

101 . I 

96 2 


Correlation is fairly high between body length and weight; .684±.012 
in the case of males, .642 ± .013 in the case of females in the backcross to 
the se race, our largest population. Between body length and tail length 
the correlation is less close, owing to the greater variability of tail length 
probably through environmental influences. The coefficients obtained for 
the same backcross populations as those already mentioned were for males 
.466±.018, and for females .406 + .019. It is again noteworthy that higher 
coefficients are obtained for males than for females, indicating that growth 
processes are more advanced in the case of males than of females, and to a 
greater extent genetically determined, accidents of development and errors 
of observation being relatively smaller. 

SUMMARY 

1. Crosses were made between females of an inbred race of Mus mus- 
culus having pink eyes, short ears, and dilute brown non-agouti coat, 
mated (t) with black-and-white Japanese waltzing mice or (2) with Mus 
bactrianus. 

2. Cross I produced dark-eyed, long-eared, intense black Fi individuals. 
Cross 2 produced dark-eyed, long-cared, intense agouti h’, individuals. In 
size the Fi animals from both crosses were nearly as large as the larger 
parent race, and of remarkable vigor, fecundity, and longevity. 

3. Fi individuals from Cross i were reciprocally backcrossed to Little’s 
dilute brown race of Mus musculus. In both backcrosses brown individuals 
were of larger body size than black ones, and dilute individuals were larger 
than intense ones by three different criteria, namely, (a) mature body 
weight, (b) body length, and (c) tail length. 

4. The influence of brown was found to be greater than that of dilution 
as judged by body weight and body length, but as regards tail length dilu¬ 
tion was found to be more influential than brown. 

5. Of the reciprocal backcrosses, that in which the pure musculus (d br) 
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race was the mother produced consistently larger offspring as regards 
weight, body length, and usually as regards tail length also. 

6. Fi individuals from Cross 2 were also reciprocally backcrossed to 
Little’s dilute brown race. In these backcrosses, as in those from Cross i, 
brown individuals were larger than black ones, and dilute individuals were 
larger than intense ones by all three criteria, weight, body length, and tail 
length. 

7. As in the backcrosses from Cross i, so also in the backcrosses from 
Cross 2, brown was more influential than dilution in increasing weight 
and body length, but dilution was more influential than brown in increas¬ 
ing tail length. This leads us to the tentative conclusion that dilution has 
a special effect on tail length over and above its effect on general body size. 

8. Again as in the backcrosses from Cross i, so also in the backcrosses 
from Cross 2, the pure musculus race as mother produces larger-bodied 
offspring than the reciprocal backcross, regularly in weight and body 
length, and usually in tail length also. The larger racial or individual size 
of the mother is thus shown to be a factor in producing large body size in 
her offspring. Such influence, if genetic, must be extra-chromosomal, as 
has been shown by Little as regards the inheritance of susceptibility 
to spontaneous cancer in reciprocal crosses and backcrosses in mice. 

9. The Fi animals from Cross i were also backcrossed to the maternal 
parent race, the pink-eyed short-eared dilute brown race of Gates. There 
resulted 8 color classes, segregation occurring simultaneously for three 
independent characters, (i) pink-eye, (2) brown, and (3) the closely linked 
characters, short-ear and dilution. 

10. In this backcross, as in those already described, brown individuals 
were larger-bodied than black ones. Pink-eyed individuals were slightly 
smaller than dark-eyed ones, and agouti individuals showed no consistent 
difference, being larger-bodied in the case of females but smaller in the 
case of males. Dilute individuals we should have expected to be larger- 
bodied than intense in this as in other backcrosses, but because of its regu¬ 
lar association with short-ear, which strongly reduces body size, the short¬ 
eared dilute classes were actually smaller-bodied than the intense long¬ 
eared classes by all three criteria employed. 

11. Linkage with size genes is an inadequate explanation of the size 
differences found in backcross populations. Direct physiological action on 
growth of the mutant genes studied is the interpretation preferred by us. 
As regards their influence on size, brown and dilution have accelerating 
effects, pink-eye has a slightly retarding, and short-ear a strongly retarding 
effect. Agouti probably has no effect. 

12. Fairly high correlation coeflScients indicate that general growth 
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processes rather than local ones are chiefly affected by these mutant genes, 
but a special local action of dilution on tail length is indicated. 
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D uring the past five years a considerable amount of evidence has 
been obtained which strongly supports Janssens’ partial chias- 
matypy theory of chiasma formation. This evidence includes (i) the mei- 
otic configurations found in trivalents and quadrivalents (Darlington 
1930); (2) the frequency of figure-8 chromosomes in segmental interchange 
rings of Pisum (Sansome 1933); (3) the relation between the failure of 
chiasma formation and absence of crossing over (Dobzhansky 1932), 
Beadle 1933); (4) the relation between chiasma frequency and crossover 
frequency (Beadle 1932, Darlington 1934); (5) the similarity in effect 
of environment on chiasma frequency and crossover frequency (White 
1934); (6) the behavior of heteromorphic homologues (Huskins and Spier 
1934); (7) the evidence for interference in both chiasma formation and 
crossing over (Haldane 1931); (8) the negative correlation of frequencies 
for both chiasmata and crossing over in bivalents of the same cell (Mather 
and Lamm 1935); (9) the types of chromatid associations at meiosis 
(Hearne and Huskins 1935); and (10) the types of interlocking between 
non-homologous bivalents at meiosis (Huskins and Smith 1935, Mather 
1935). Some of this evidence can not be considered as critical, because its 
interpretation is based on unproved assumptions; but the cumulative 
value of the various lines of evidence does prove the validity of Janssens’ 
theory. The direct relation between chiasma formation and crossing over 
certainly facilitates cytogenetic studies and the analysis of the causal fac¬ 
tors in crossing over, a feature not found in the hypothesis suggested by 
the author some years ago (Sax 1930). 

Recent cytological studies of chromosome structure and behavior in 
mitosis and meiosis have indicated the factors which are responsible for 
the fundamental differences in the two types of division. Although the 
time of chromosome duplication is a disputed question, the general fea¬ 
tures of chromosome behavior seem to be fairly well established. 

The chromonemata are in the form of minor spirals at anaphase in mi¬ 
tosis. During the formation of the daughter nucleus the minor spirals begin 
to uncoil, but further uncoiling is inhibited as the chromosomes pass into 
the resting stage. At early prophase the coiled chromosomes begin to 
elongate and uncoil, but at the same time the two chromatids in each 
chromosome begin to coil independently. By the time these rdic coils are 
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to truncate in Drosophila melanogaster. It was found that the gene for 
truncate was transmitted through the females in the ordinary Mendelian 
fashion with random segregation. The males, on the other hand, bred as 
though they were homozygous for the gene received from their mothers, 
and did .not transmit the gene received from their fathers. This fact indi¬ 
cated that in the case of one autosome pair segregation was selective, and 
that the autosome retained in the functional cell at the first spermatocyte 
division was regularly maternal in origin. It remained to be determined 
how far this behavior was characteristic of the other chromosomes of this 
species. 

A second chromosome pair was identified when two recessive charac¬ 
ters, swollen and narrow, (Metz and Ullian 1929, Metz and Schmuck 
1931) were found to show t3T)ical sex-linked inheritance. Later a dominant 
character, Wavy, (Metz and Smith 1931) was secured, and more recently, 
two additional recessive characters, round and miniature, (Smith-Stock¬ 
ing, unpublished) appeared which show the same type of sex-linked in¬ 
heritance. The first evidence suggested that the sex chromosome complex 
of the female was XX and that of the male was XY. Later however the 
male soma was found to contain only seven chromosomes, indicating that 
it has no Y chromosome. The male germ-line possesses two sex chromo¬ 
somes. One of these is evidently the same as the X in the somatic cells, 
but the precise nature of the other is obscured by a series of phenomena 
which are not yet fully analyzed and which need not be reviewed here 
(Metz 1934). The evidence is consistent, however, with the view that these 
two undergo the same type of selective segregation as that shown by the 
autosome pair just considered. 

In each of two other species of Sciara a character was found which 
was inherited in the same way as truncate wings, suggesting that perhaps 
this unusual chromosome segregation is typical of the genus (Metz 1928, 
Metz 1929). 

The present genetic study was undertaken for the purpose of analyzing 
the method of segregation of all the chromosomes of one species. It has 
involved: (i) the securing of new mutant characters, sufficient in number 
to identify each pair of chromosomes, and (2) analyzing the relationship 
of the new characters to each other by means of linkage tests to ascertain 
whether all of the chromosomes observed cytologically (save the “limited” 
chromosomes) were accounted for genetically. Sciara coprophila was used 
since it is the most satisfactory species for laboratory purposes. Although 
the sex chromosomes and one pair of autosomes had been previously iden¬ 
tified genetically, there remained two pairs of autosomes to be studied. 

Because of the difiiculty of securing mutant characters, it has been 
necessary in the present study to make use of some characters which are 
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inconstant and otherwise unsatisfactory. This has not only increased the 
task of making genetic tests, but has also necessitated presenting here a 
more detailed description of the experiments than would otherwise be re¬ 
quired. An account of culture methods and breeding technique is included, 
since it has not been fully treated in earlier papers. 

CULTURE METHODS AND BREEDING TECHNIQUE 
I. Culture medium 

Sciara is cultured in glass vials one inch wide and four inches deep. 
These are sterilized and filled to a depth of approximately one inch with 
an agar solution made by heating together equal parts of agar-agar and 
water. To insure a dry surface, a small amount of sterilized ground straw 
is sprinkled into the vials after the medium has solidified. The vials are 
plugged with cotton. Half pint milk bottles may be used for maintaining 
mass cultures. 

2. Life history and food 

The genus Sciara belongs to the group of so-called fungus gnats, some 
species of which inhabit mushroom beds and often become a serious men¬ 
ace to commercial enterprise. The adult of 5 . coprophila is small, dark, and 
inconspicuous. 

The flies are usually cultivated in pair matings, a single female and one 
or more males being placed in each vial. Since it has been shown that a 
given female produces offspring from only one male (Moses and Metz 
1928), several males are often placed with one female as a precaution 
against possible sterility. Copulation usually takes place soon after the 
flies are placed together. The sperms are stored by the female in the 
spermathecae and the eggs are fertilized one by one as they leave the 
vagina. They are deposited on the surface of the agar and hatch into small 
transparent larvae in about six days, at which time they must be fed. 

Many types of food have been tried with varying degrees of success. 
The most satisfactory one found thus far is a mixture consisting of equal 
parts of animal-poultry yeast, powdered mushroom, and straw. The latter 
serves to prevent the formation of an impervious surface layer on the cul¬ 
tures. When small larvae are visible (usually ten days after the parent 
flies have been placed in the vial), a small quantity of food mixture is 
sprinkled on the surface. This is soon eaten and the supply must be re¬ 
plenished about every second day until pupation begins. Practice alone 
will demonstrate what quantity of food is required. In general it is better 
to feed sparingly rather than abundantly, for if cultures are given too much 
food, the larvae fail to eat all of it, and the excess remains on top of the 
culture as a loose mixture, to drop out when one attempts to remove the 
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largely eliminated, the new spirals are well established and continue to 
effect chromosome shortening until metaphase. The two chromatids of 
each chromosome are associated in the relic spiral, and, as the relic spiral 
is uncoiled, the two chromatids are twisted about each other {relational 
coiling^ see fig. B). The amount of twisting is reduced as the chromatids 
contract, and at metaphase few twists remain in the chromosomes of most 
species. The chromonemata of somatic chromosomes are always coiled. 
Before the relic coils of the previous division are straightened out, the new 
spirals are well established in each chromatid. There is a tendency for 
homologous chromosomes to pair in certain species, but intimate associa¬ 
tion is inhibited by their coiled structure during the entire mitotic cycle. 

The resting stage preceding meiosis shows the same type of chromosome 
structure. The tempo of the early prophase stage is slower than it is in 
mitosis, and the relic spirals are well straightened out before the daughter 
chromatids become differentiated and begin to form new minor coils. At 
this time the affinity between homologous chromosomes permits intimate 
pairing. The attraction is effective only when the chromosomes are rela¬ 
tively free from coils and before the chromatids of each homologue become 
differentiated and begin to coil independently. The chiasmata are formed, 
and the homologous chromosomes tend to repel each other. During this 
time the minor coils are developed, and during the later stages the major 
coils (plate i) are superimposed on the minor coils. The reduction in chro¬ 
mosome length between pachytene and metaphase is about 10:1 and may 
be even greater in certain species. This contraction may be effected by a 
linear contraction, or perhaps a "minimum” spiral, and by minor and major 
coiling. Major coils are not an essential feature of meiosis (O’Mara, un¬ 
published) and apparently do not occur in all genera. The major coils do 
not prevent free separation of chromatids at the first mciotic division. The 
interphase is so short that the minor spirals, and in some species even the 
major spirals, persist in the second meiotic division. 

The comparison of mitosis and meiosis seems to show the basis for chro¬ 
mosome pairing at meiosis, but a more detailed analysis is necessary for 
determining the mechanism involved in crossing over. Darlington (1935) 
has prepared a most logical theory to explain the mechanism of crossing 
over. The essential features of this theory are based on the following as¬ 
sumptions. The direction of coiling of minor spirals is the same for homolo¬ 
gous arms of somatic chromosomes; the direction of coiling is reversed at 
the spindle fiber attachment point, so that the two arms of a single chro¬ 
mosome always coil in opposite directions; the direction of coiling does not 
change between the fiber attachment and the distal end of the chromosome 
in either somatic or meiotic chromosomes; the minor and major spirals in 
a given chromosome coil in the same direction; and homologous chromo- 
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somes pair while still coiled in relic spirals. After the pairing of coiled homo- 
logues at meiosis, the chromosomes elongate and produce a “relational” 
coiling at pachytene. Each chromosome now divides so that relational 
coiling exists in the chromatids of each homologue. The relational coiling 
of chromatids is in the same direction in each homologue, and the relational 
coiling of chromosomes is in the reverse direction (fig. A). The torsional 
strain induces chromatid breaks which reunite in such a way that crossing 
over is effected between two of the four chromatids at any one locus. “The 
torsion which determines relational coiling is removed by crossing over 
and consequently must determine it.” 


Figure A. Relational coiling of homologous chromosomes at pachytene, according to Dar- 
UNGTON*s interpretation. The chromatids of each homologue are twisted about each other in 
the same direction, while the chromosomes twist about each other in the opposite direction. 

The theory is logical, but unfortunately most of the underlying assump¬ 
tions are erroneous. If hypotheses are of more importance than facts 
(Darlington 193SC), further analysis should be unnecessary; but perhaps 
a few cytological observations and an analysis of chromosome behavior 
will be of some value in correlating cytological and genetic behavior. 

MINOR COILS AND RELATIONAL COILING IN 
SOMATIC CHROMOSOMES 

The number of coils in somatic chromosomes can be observed only in 
species with relatively large chromosomes, and even in such species the 
direction of coiling can not be determined accurately. There does seem to 
be a tendency for the coiling to be in the same direction from the spindle 
fiber to the end of the chromosome. The number of minor spirals in a somat¬ 
ic chromosome is about 20-25 in Tradescantia (Sax and Sax 1935) and is 
about 80 in Fritillaria (Darlington 1935). 

Since the direction of coiling in somatic chromosomes can not be deter¬ 
mined directly, we must rely upon indirect evidence. This evidence is 
based on the assumption that the relational coiling of chromatids is deter¬ 
mined by the minor coils, either as a result of uncoiling the relic coils 
(Darlington 1935) or by the formation of new coils in each chromatid 
at prophase (Hosted, unpublished). 

Relational coiling in the sister chromatids of somatic chromosomes has 
been studied in Trillium and Vida. Root tips were fixed in a mixture of 
absolute alcohol and acetic add, and after fixing for 15-20 hours, the root 
tips were smeared in aceto-carmine. In favorable preparations the rda- 
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tional coiling could be observed and the direction of this coiling determined 
for all chromosomes (figs. B and C). 




Figure B. Somatic chromosomes of Trillium graniiflorum sho^ring relational coiling of chro¬ 
matids. The five pairs of homologous chromosomes are numbered, and the direction of relational 
coiling is indicated. X 800. 


Trillium grandijlorum has five pairs of chromosomes: (i) with a nearly 
terminal fiber attachment, (2) fiber subterminal, (3) sub-median fiber and 
short arms, (4) sub-median fiber and medium arms and (5) sub-median 
fiber and long arms (figs. B and C). The corresponding arms of homologous 
chromosomes could be determined accurately for chromosomes I, II, and 
V, and with a fair degree of accuracy for chromosomes III and IV. The 
direction of twisting of the chromatids is easily determined at late pro¬ 
phase or early metaphase. 

The direction of relational coiling was obtained for all the chromosomes 
in each of twenty-five cells. The direction of twisting of chromatids in 
corresponding arms of homologous chromosomes is shown in table i. 

The total number of chromosome arms with right-handed or clockwise 
spirals is 113, and with left-handed or counter clockwise twists, 118, while 
219 arms showed no twisting of chromatids at the stage of development 
examined. The homologous chromosomes show an approximately random 
distribution for direction of relational coiling. Where both of the terminal 
chromosomes showed relational coiling, the direction of twisting was the 
same in the two homologues in 9 cells and reversed in 9 cells. The total for 
all homologous arms was 16 with right-handed twists in both arms, 23 
with left-handed twists in both arms, 36 with a right-handed twist in one 
homologue and a left-handed twist in the other homologue, and 150 pairs 
of arms which showed relational coiling in only one or in neither arm. 

In any single chromosome the direction of relational coiling may be the 
same in both arms or may be reversed at the spindle fiber attachment 
point. In the chromosomes which showed relational coiling in both arms, 
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Table i 

Direction of twisting {relational coiling) in sister chromatids for homologous arms of ail chromo¬ 
somes in 25 somatic cells of Trillium. RR^relational coiling right in both homologues; RL or LR 
^right-handed twists in one homologue a^td left in the other; LL^left-handed twists in both homo¬ 
logues; O^no twist. 
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4 
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7 

4 

3 

S 

S 

25 



16 

36 

23 

45 

3b 

69 

225 


the direction was right in both arms of 9 chromosomes, left in both arms 
of 13 chromosomes, and right in one arm and left in the other arm of 24 



Figure C. Somatic chromosomes of Viciafaba. The direction of coiling is indicated in the long 
“M” chromosomes. The short chromosomes are so similar that homologues can not be identified, 
although the loose pairing may indicate homology. Xaooo. 

chromosomes. In the chromosomes with the same direction of twisting in 
both arms, the average number of half twists was 1.7 for the long arms and 


CHROMOSOME COILING 329 

1,3 for the short arms, while in the chromosomes with reversal in direction 
of twisting in the two arms, the average number of half twists was 1*5 for 
the long arms and 1.3 for the short arms. These observations indicate that 
the direction of twisting is approximately at random for either arm of a 
chromosome and that there is no redistribution of coiling. If coiling is 
transferred from one arm to the other, there should be considerable rever¬ 
sal of coiling within a single arm, but such reversals are very rare and were 
observed in only two cases. 

There are six pairs of chromosomes in Vida faba, five pairs with nearly 
terminal fiber attachments and one pair with sub-median fiber attachment 
points. It is not possible to determine which of the ten short chromosomes 
are homologues, but the pair of long “M” chromosomes is easily identified, 
and the two arms can be distinguished easily because the shorter arm has 
a very clear secondary constriction. We have analyzed the direction of 
relational coiling in each of the two chromosomes in sixty root tip 
cells. The results are shown in table 2 . 


Table 2 

Direction of rdaiional coiling of chromatids in homologous arms of the “A/” chromosomes of Vicia 

faba at early somatic metaphase. 


lUl 

LR OH RL 

LL 

RO 

LO 

00 

u 

16 

25 

13 

20 

12 

34 

120 

Direction of relational coiling in 

the two arms of single “A/” 

chromosomes of Vicia 

RR 

RL OR LR 

LL 

RO 

LO 

00 

n 

9 

18 

6 

41 

33 

13 

120 


The direction of twisting of chromatids about each other seems to be at 
random for homologous arms, with 29 showing relational coiling in the 
same direction and 25 showing relational coiling in opposite directions. 
The 120 “M” chromosomes show relational coiling in 140 arms of which 77 
were right and 63 left. In single chromosomes the direction of relational 
coiling was the same in both arms of 15 chromosomes and reversed in 18. 
No case was observed where the direction of relational coiling was reversed 
in the long arm, but in the short arm the direction was reversed on either 
side of the secondary constriction in several chromosomes. The average 
number of half twists was found to be the same in the chromosomes with 
the same direction of relational coiling in both arms and those which had 
reversed coiling: 1.7 for the long arms and i.i for the short arms. 

The direction of relational coiling in a single chromosome is not constant 
during successive cell generations. In root tip cells from a single plant the 
direction of relational coiling was right in both homologues of six cells, 
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left in both homologues of six cells, and in reverse directions in the homo- 
logues of thirteen cells. 

THE MAJOR COILS IN THE MEIOTIC CHROMOSOMES OF VICIA 

The direction of coiling of major spirals has been determined in a num¬ 
ber of species, but no adequate data are available for an analysis of coiling 
in relation to chiasmata. The meiotic chromosomes of Vida faha have been 
used because the chiasma frequency is high, and in favorable preparations 
the direction of the major coils can be determined at all loci in some of the 
chromosomes. We have made and examined nearly a thousand prepara¬ 
tions, but the technical difficulties have made it impossible to get very 
many data on major coils in this genus. 

There are six pairs of chromosomes in Vida Jaha, one long pair with sub¬ 
median fiber constrictions, and five shorter pairs with subterminal fiber 
constrictions. The average chiasma frequency in the material examined 
was 6.2 for the long chromosomes and 3.0 for each of the live short 
chromosomes. There is a strong tendency for the chiasmata of the short 
chromosomes to be localized either near the spindle fiber or near the distal 
end, and the average number of clearly interstitial chiasmata is only 1.3 
for these chromosomes. 

The two chromatids of each chromosome are coiled together in a single 
spiral at meiotic metaphase. There are about 15 major spirals in each of 
the long chromosomes and about 5 or 6 major spirals in each of the short 
chromosomes (plate i). The direction of coiling of a single spiral is seldom 
reversed between chiasmata, although reversals do occur in the loci con¬ 
taining the fiber attachment in the “M” chromosomes (figs. 2 and 4) and 
in some internodes of the short chromosomes (figs. 10 and 11). The direction 
of coiling seems to be at random for corresponding segments of homologous 


DESCRIPTION OF PLATE I 

Camera lucida drawings of meiotic chromosomes of Vida faha, showing major coils. From 
permanent smear preparations. X4000. 

Figures 1-4. Bivalents with median fiber attachments Major coiling is at random for 
homologues segments and for loci on either side of a chiasma. The direction of coiling may reverse 
at the fiber attachment. 

Figures 5-7. Bivalents with sub>terminal fiber attachments. 

Figures 8, 9. Anaphase chromosomes. 

Figures 10, ii. Two “m” bivalents with reversal of coiling between chiasmata. 

Figure 12. Separation of homologues previously associated by two interstitial compensating 
chiasmata. 

Figures I4“i7- Anaphase chromosomes showing reversal in coiling in associated chromatids. 
Opposite directions of coiling in associated chromatids is usually caused by crossingover. The 
coiling relationship shown in Figure 13 is attributed to a crossover near the terminal spindle fiber 
rather than equational division. 



Sax, Cbxomosomx Coiling 


L 



CHROMOSOME COILING 


331 

chromosomes and for loci on either side of a chiasma. The theoretical and 
actual frequencies arc shown in table 3. 

Tablk 3 
Vicia faha 

Direction of coiling on either side of rhiasniata, data from both M and m chromosomes. 

THKORETICAL ACTUAL 


LLXl-LorRRXRK 2 2 

LLXRRorRRXLL 2 i 

LRXLR or RLXRL 2 3 

LRXRLorRLXLR 2 2 

RLXRR or I.RXl^R etc, 8 8 

16 16 


As the chromosomes separate at anaphase, the two chromatids of each 
chromosome arm separate so that the direction of the major spirals can be 
determined for each chromatid. We have been able to analyze direction of 
coiling at anaphase* only in the* short chromosomes with the nearly terminal 
fiber attachments (figs. (S 16). 1'he sister chromatids are coiled together 
in the same direction at metaphase, and if no chiasmata were formed, the 
two chromatids of an anaj)hase chromosome should be coiled in the same 
direction at all loci, with only an occasional double reversal. With random 
direction of coiling at metaphase, the reversals in coiling of all anaphase 
chromatids should be twice the chiasma frequency. In 27 anaphase chro¬ 
mosomes the direction of coiling of the two chromatids was the same at all 
loci in only 5, and the total number of reversals was 32. The reversals in 
coiling are not so frequent as expected with a chiasma frequency of 3.0. 
Part of the discrepancy may be attributed to terminal chiasmata. The 
average number of interstitial chiasmata is 1.3, and the calculated number 
based on reversal in coiling is 1.2. 

Frequently the two chromatids of an anaphase chromosome coil in dif¬ 
ferent directions at all loci (figs. 9,13,16). Such configurations arc the result 
of separating a bivalent which has a chiasma very near the spindle fiber 
and in which the homologues were coiled in opposite directions. 

In some cases the two homologues can separate without untangling 
their chromatids. Figure 12 represents the separation of chromosomes pre¬ 
viously associated by two compensating interstitial chiasmata. The asso¬ 
ciation of the very short arms of the “m’^ chromosomes seems to be ef¬ 
fected without chiasma formation (fig. 6). The fiber attachment points 
are occasionally stretched out from the chromonema, and in these cases 
they appear to be double (figs. 3 and 6). 

One case was found where interlocking of non-homologous chromosomes 
provides evidence in support of the Janssen theory of chiasma formation 
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(fig. 4). The short chromosome is locked in the bivalent distal to the 
first chiasma from the fiber attachment. 

INTERLOCKING OF CHROMATIDS 

Whenever two or more chiasmata are formed on one side of the fiber 
attachment, there should be some interlocking of chromatids at meta- 
phase and early anaphase. In Vida faba there are usually two chiasmata 
distal to the fiber in the ‘^m" chromosomes, and about three in each arm of 
the chromosomes. In the “M” chromosomes chromatid interlocking 

a h c 

d e f 

Figure D. Bivalent chromosomes of Vkta faba at first meiotic anaphase, showing chromatid 
locking in a, d, and e. A symmetrical (free) bivalent is shown in c. 

could occur in either arm, but only in the single arms of the “m” chro¬ 
mosomes. In 30 such arms chromatid interlocking was found in 5 cases, 
or about 17 percent. Chromatid interlocking is shown in figure D (a, d, 
and e) while a symmetrical “M” bivalent is shown in c. The proportions 
of these various configurations are of value in an analy.sis of the mechanism 
of crossing over. 

CHROMOSOME STRUCTURE AND BEHAVIOR IN RELATION 

TO CROSSING OVER 

The analysis of relational coiling of chromatids in somatic chromosomes 
of Vicia and Trillium provides indirect evidence that the direction of the 
minor coils is at random for homologous chromosomes, that the direction 
of minor coiling in the two arms of a single chromosome is at random, and 
that the direction of coiling is usually the same in any one arm of a somatic 
chromosome. 

The direction of coiling of the major spirals at meiosis has been analyzed 
in several genera. The paired chromosome arms may coil in the same direc¬ 
tion or in opposite directions, apparently at random, in Tradescantia 
(Nebel 1932, Sax and Humphrey 1934); Sagittaria (Shinke 1934); 
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Rhoeo (Sax 1935); Trillium (Matsuura 1935); Lilium (Iwata 1935); and 
in Vida. The direction of coiling may change at chiasmata and occasionally 
at other loci (Huskins and Smith 1935, Matsuura 1935) and appears to 
change at random at chiasmata in Vicia. The major coils may reverse their 
direction of coiling at the spindle attachment, but there is a strong tend¬ 
ency for the direction of coiling to be the same in both arms of a meiotic 
chromosome in Tradescantia and Rhoeo. Darlington (1935) assumes that 
major coiling is in the same direction in homologous chromosomes of 
Fritillaria, and that the two arms of a single chromosome must coil in 
opposite directions; but he presents no data or references to support these 
assumptions, and in the few figures of meiotic chromosomes showing major 
coils, he fails to indicate the direction of coiling where it is not in accord 
with his hypothesis (u)35b, fig. 1). 

The random coiling in the two arms of a somatic chromosome proves 
that minor coiling is not caused by the rotation of the spindle fiber attach¬ 
ment point. In fact the normal contraction of X-ray induced fragments 
with no fiber attachments shows that the spindle fiber has no causal effect 
on chromosome contraction (Huskins and Hunter 1935, Rh.ey, O’Mara, 
Hi’STED, unpublished). 'J'he relational coiling in homologous chromosomes 
is al random in mitosis. The direction of major spirals is at random, or 
nearly so, in homologous chromosomes. The direction of coiling of major 
spirals is not dependent on the direction of coiling of minor spirals, because 
the minor spirals usually coil in the same direction in any one chromosome 
arm, while the major spirals may change their direction at a chiasma in the 
paired arms of homologous chromosomes. 

All these observations are contrary to Darlington’s assumptions, and 
most of them are not in accord with his recent hypothesis on the mecha¬ 
nism of crossing over. There is additional evidence which seems to invalidate 
this hypothesis. 

Several hypotheses have been presented to explain the mechanism of 
crossing over demanded by Janssens’ chiasmatypy theory. The first was 
suggested by Morgan in 1919, and is based on the assumption that the 
two homologues are twisted in one direction. Breaks occur in two of the 
four chromatids, and these reunite in new associations. A modification of 
this theory was suggested by Wilson and Morgan in 1920. The second 
hypothesis was proposed by Belling (1933). He assumed that the chro¬ 
mosomes are single at the time of pairing; that they form half twists or 
overlaps at early pachytene, and when the chromomeres of each chromo¬ 
some split, the connecting fibers may be formed between chromomeres of 
homologous chromosomes. The third theory is Darlington's relational 
coiling hypothesis, which demands that the relational coiling of chromatids 
causes relational coiling of chromosomes in a reverse direction, and that the 
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torsional strain induced causes chromatid breaks with reunions in new 
associations. 

There is little direct cytological evidence to support any one of these 
hypotheses, but we can test the different theories by comparing the theo¬ 
retical chromatid relationships which must be produced with the configura¬ 
tions actually observed. 

The only adequate data are those on the chromatid relationships of 
meiotic chromosomes of Melanoplus (Hearne and Huskins 1935). In the 
chromosomes with two chiasmata each, there are four types of chromatid 
relationships; free, chromosomes locked, chromatids locked, and continu¬ 
ous. These t)q>es are illustrated by diagrams in figure E. As the meiotic 
chromosomes begin to separate at anaphase, it is difficult to distinguish 
the various types of configurations with the exception of chromatid inter¬ 
locking. In 59 bivalents of Melanoplus there were 24 (40 percent) free, 7 
(12 percent) with chromosomes locked, 10 (17 percent) with chromatids 
locked, and 18 (30 percent)continuous. In early anaphase chromosomes of 
Vida 17 percent showed chromatid locking, and in Lilium (Mather 1935) 
there was less than 17 percent of chromatid locking. 

Where there are two chiasmata on the same side of the fiber attachment, 
we should expect to obtain the four types of bivalents shown in figure 5. 
Configurations more complicated than simple chromatid locking are not 
found in Melanoplus and are rarely found even in species with higher 
chiasma frequencies. Any valid theory of crossing over should give the 
four types of bivalents observed. 

Let us first examine the theory based on the suggestions of Wilson and 
Morgan. The four chromatids lie parallel and twist together in one direc¬ 
tion. The torsion causes a break in two non-sister chromatids and a sub¬ 
sequent reunion in a new association. If the torsion is in the same direction 
at all loci, the greater stress may lie on either side of the chromatid breaks, 
so that, in effect, the rotation of broken chromatids will be at random. The 
essential features of torsional strain, the chromatid breaks, types of cross¬ 
over chromatids and chromatid relationships in the bivalents are shown 
in figure E and table 4. The application of this hypothesis produces 12.5 
percent of free bivalents, 12.5 percent of chromosome locking, 25 percent 
of chromatid locking, and 50 percent of continuous association of chroma¬ 
tids. 

We have attempted to analyze Belung’s and Darlington’s hypotheses 
in the same way. In the case of Belling’s theory, we have assumed that 
the homologous chromosomes can be twisted about each other at random, 
or in only one direction. In applying Darlington’s theory we have as¬ 
sumed that the amount of relational coiling in chromatids is the same 
ai^ the relational coiling of chromosomes, but in the reverse direction (fig. 
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Table 4 

Crossovers and types of bivalents resulting from two successive crossovers. Torsion of four paralld 
chromatids. See diagram in figure E. 
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Figure E. Pachytene association of chromatids before crossing over, with torsional strains 
and points of crossing-over indicated. Below are the four types of bivalents produced by the tor¬ 
sion, and the only types observed cytologically in Melanoplus. 

A). The configurations produced in these various theories are shown in 
table 5. 

The rotation-torsion hypothesis gives all four types of bivalents ob¬ 
served cytologically, and only these types. If the torsional stress is not at 
random, the proportions of free, chromosome locked, and chromatid locked 
bivalents will be changed. But even with the maximum production of free 
bivalents, the frequency would not equal the percentage observed in 
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Table 5 

The configurations produced by dijferent theories of crossing over in chromosomes with two chiasmata 

distal to the fiber. 




TYPES OP BIVALENTS IN PERCENT 
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17 

17 
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Melanoplus. However, the theoretical and observed frequencies of the 
other classes do not deviate so greatly, considering the number of observa¬ 
tions and the difficulties in interpreting the chromatid relationships. The 
percentage of chromatid interlocking in Melanoplus, Lilium, and Vicia is 
considerably less than the theoretical expectation, but observations based 
on anaphase figures would fail to detect all the chromatid locking. 

This torsion hypothesis will produce no chromosome locking and does 
produce complex interlocking if twists occur in sister-chromatids or if sister 
strand crossing over occurs between the two chiasmata. 

If Selling’s and Darlington’s theories have been interpreted cor¬ 
rectly, it appears that neither one is valid. If the homologous chromosomes 
are twisted at random at early pachytene. Selling’s theory would be ex¬ 
pected to produce very few chromatid locks, and 25 percent of complex 
interlocking. If relational coiling is in the same direction at all loci of the 
paired chromosome arms, as seems probable, we should expect only chro¬ 
matid locking and continuous associations of chromatids. Selling’s 
theory is also difficult to reconcile with the many observations that the 
chromosomes split at least one cell generation in advance of division. 

The application of Darlington’s theory gives neither of the first two 
classes of bivalents and does produce complex interlocking. The cytological 
evidence also shows that most of Darlington’s “observations” regarding 
relational coiling are incorrect. 

The torsion theory based on the suggestions of Wilson and Morgan 
seems to be most nearly in accord with the cytological observations. This 
theory demands the following cytological interpretation. The chromosomes 
at meiotic prophase elongate until the relic coils of the preceding mitotic 
diviaon are practically eliminated. There is little or no relational coiling 
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of the chromatids in each chromosome. The homologous chromosomes pair 
so that all four chromatids are approximately parallel, or at least tend to 
lie in the same relative quadrant at all loci. The formation of minor or sub¬ 
minor coils is now initiated, and all four chromatids coil in the same direc¬ 
tion. The torsion induced by the initiation of the new coiling causes a rela¬ 
tional coiling of all four chromatids. This relational coiling produces cross¬ 
ing over at late pachytene or at early diplotene. Much of the relational 
coiling of the homologues may persist during diplotene, but further con¬ 
traction of the chromosomes, effected by major and minor coils, eliminates 
relational coiling at the later stages. The uncoiling of the homologous chro¬ 
mosomes will lead to no complex associations so long as there is no inde¬ 
pendent relational coiling of the chromatids of each chromosome. 

This cytological interpretation of crossing over does not appear to be 
irreconcilable with the cytological evidence. It is difficult, however, to 
imagine the mechanism which would produce the precise crossing over 
demanded by the genetic evidence, and limit it to homologous chromatids, 
but this difficulty is inherent in any torsion theory of crossing over. 

SUMMARY 

During somatic prophase the two chromatids of each chromosome are 
twisted about each other. This relational coiling of chromatids has been 
analyzed in the somatic chromosomes of Trillium grandiflorum and Vicia 
faba. The direction of relational coiling is approximately at random for 
corresponding arms of homologous chromosomes and for the two arms of a 
single chromosome. In any one chromosome arm the direction of relational 
coiling is rarely reversed. There is no evidence that relational coiling is 
transferred from one arm to the other arm of the same chromosome. It 
is believed that relational coiling is conditioned by the nature of the minor 
coils in the somatic chromosomes, so that a study of relational coiling per¬ 
mits an indirect analysis of minor coiling. 

At meiosis major spirals are superimposed on the minor coils, at least in 
a number of plant species. The direction of coiling of these major spirals 
can be observed directly. In the various species which have been studied, 
the direction of coiling is approximately at random for homologous chro¬ 
mosomes. In Vicia faba the direction of coiling of major spirals is at random 
on either side of a chiasma. Occasionally it may be reversed at other loci. 
The direction of coiling of major spirals is not necessarily dependent upon 
the direction of coiling of the minor spirals. 

The various theories of crossing over, based on Janssens’ partial chias- 
matypy hypothesis, have been analyzed in relation to chromosome be¬ 
havior and chromatid relationships. The torsion theory proposed by 
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Wilson and Morgan in 1920 seems to be most nearly in accord with the 
cytological observations. 
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INTRODUCTION 


T he character “harelip and cleft palate” is definitely inherited 
(Reed and Snell, 1931). Though there are various degrees of 
expression of harelip and cleft palate, the general condition, regardless of 
the types of clefts, will henceforth be designated simply as “harelip.” 
Harelip is not inherited as a simple dominant or a simple recessive but 
seems to depend upon either one recessive gene with modifiers or the co¬ 
operation of a small number of cumulative genes. If the first hypothesis is 
correct, it must be assumed that when the recessive gene for harelip is 
homozygous, the mouse may show any grade of harelip from the most ex¬ 
tensive bilateral clefts to a normal mouth without clefts, depending upon 
whatever genetic and environmental modifiers had an effect upon the 
embryo. The phenotypically normal, but genetically harelip, animals 
will be designated “normal overlaps.” 

It is usually easy to determine at birth whether a mouse is pheno¬ 
typically harelip. Occasionally the cleft or clefts are so slight that they are 
hardly noticeable. Probably in several cases there have been slight lip and 
palate defects in genetically harelip animals which were not noticed. Such 
animals would have been erroneously classified as “normal.” 

Environmental influences greater than ordinary may be suspected in 
connection with variable characters such as harelip. These effects may be 
detected if found to occur in correlation with differences in litter size, 
weight, age of mother, and the like. 

EXPRESSION or HARELIP AFFECTED BY THE EXTERNAL ENVIRONMENT 

One can not hope to measure these except with inbred stocks. Follow¬ 
ing the discovery of harelip in 1930, the stocks have been intensively in- 
bred. At present there are three highly inbred lines and their substrains, 
all descended from the original harelip albino stock without outcrossing 
except in the early generations. For the last 10-14 generations a few mat¬ 
ings have been made between daughter and father but nearly all have been 
between sister and brother. 

The extent to which these three lines have been inbred and the variation 
in the percentages of harelip produced as inbreeding proceeded are shown 

Gmtnxm 2lt 339 July 1916 
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in figure i. Only the main branches of any of the lines are shown; the less 
important branches are usually of short duration before becoming extinct 
for one reason or another. The percentages of harelip in line 1 have in¬ 
creased as inbreeding continued whereas in line 3 they have decreased (down 



Figuke I. The main branches of three highly inbred harelip lines studied 
in this paper. 

to o percept). Each point of each line in figure i was determined by the 
average percentage of harelip in 2-10 litters of the generation plotted. 
Line i has at this time reached a coefficient of inbreeding (Wright’s) of 
over 95 percent; this is equivalent to some fourteen generations of brother 
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by sister inbreeding. We may assume that there is now practically complete 
homozygosity in each of these lines. 

The difference in percentage of harelip between lines i and 3, in the 
last generations at least, is sufficiently great and consistent to indicate real 
genetic differentiation. In the following paper an attempt will be made to 
determine whether this difference is due to different combinations of the 
genes modifying one recessive essential for any harelip production or 
whether harelip depends upon the cumulative action of several genes of 
similar value, different groups of which produce characteristic frequencies 
of harelip. 

Our first problem, however, is to test whether some of the variability 
within any one strain is due to environmental factors. The data for the 
study of environmental factors are derived from lines i, 2, and 3 and their 
sublines (la, 2a, 2b, etc.). In investigations such as that of the relation 
between sex and harelip expression, crossbred animals have been included 
with the inbred animals of lines i, 2 and 3 but all cases where animals are 
included that have not been inbred for several generations are specified. 

Litter size 

It was shown many years ago that litter size is probably the most im¬ 
portant single factor in determining the birth weight of guinea pigs, and 
that the larger the litter, the shorter the gestation period (Minot 1891, 
Wright 1921 and 1922, and Eaton 1932). Probably the situation is simi¬ 
lar in mice; Gates (1925) reports that in mice the birth weights tend to 
vary inversely with the litter size, while King (1915) has shown that weight 
of rats at birth is in direct proportion to the length of the gestation period. 
Litter size accordingly would seem to be a factor worth investigating in 
its relation to harelip. 

If there is a competition between embryos for some substance particu¬ 
larly concerned with normal development of the jaw and palate, supplied 
by the mother only in a certain quantity, the smaller the litter the more of 
the substance for each embryo. Accordingly, small litters should have a 
lower percentage of harelip than large ones. 

Litter size was investigated in 525 litters. The first and second litters of 
each of the mothers are included and as many following litters in consecu¬ 
tive order as it was possible to include. Each of the litters was observed 
within 24 hours of birth. All the litters from any one mother had the same 
father. All the parents were from the inbred stocks (lines i, 2 and 3) derived 
in 1930 from Bagg albinos. 

Many precautions have been taken in selecting proper litters for the 
study of environmental effects, with the intention that all material might 
be strictly comparable. In the statistical treatment, the standard error 
has been used in preference to the probable error. 



Table i 

Distribution of harelip litters by size and by number of hardip (hp^ harelip animals) 
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In the quantitative determinations of the amounts of variance affected 
by various influences such as litter size a smaller population has been used. 
This is composed of animals from line i and its recent branch la. This 
population of 1284 animals will be referred to as the “small population,” 
and will be used for all biserial eta and tetrachoric correlations. 

Most environmental factors would act on litter mates alike. Malnutri¬ 
tion, disease and age of mother, if effective, would tend to make litters 
have excesses of either harelip or normal as the conditions might deter¬ 
mine. A method of ascertaining whether or not there are disturbances in 
the distribution of normal and abnormal animals among the litters has 
been developed by Wright (1934a) and will be used here. It is possible to 
calculate the expected occurrence of harelip in litter mates as well as the 
number of harelip animals expected for each size of litter. 

Each mother may be placed in one of three groups in respect to the per¬ 
centage of harelip young produced in all her litters. In table i, CJroup A 
includes all the litters from mothers which produced up to 21 percent of 
harelip young (as an average of the fraternity). Group B includes all the 
litters from mothers which produced from 21 to 40 percent of harelip 
young. Group C includes all the litters from mothers producing from 41 
to 60 percent of harelip young. 

The distribution of harelip in litters of each size, expected under random 
sampling, can be calculated as follows. Let q be the chance of abnormal 
development in the group in question, and (i — q) the chance of normal de¬ 
velopment. In litters of 2 the chance that both will be normal is (i — q)®; 
that one will be harelip and one normal is 2q(i — q); and finally that both 
will be harelip is q*. In litters of 3 the chances of o, i, 2,3, harelip are the 
appropriate terms in the expansion |(i — q)a-|-qA]® where a stands for 
normal and A for abnormal. The expectations for larger litters are given 
by expansion of the appropriate power of the binomial. 

The degree of agreement of the grand totals of table i is shown in 
table 2. Note that there were many more litters observed than expected in 
which there were no harelip offspring and a considerable deficiency of litters 
containing one harelip animal. 

Table 2 

Relation cf the observed number of litters containing o-g hardip offspring to the number expected. 

(hP'^kardip) 



ohp 

I hp 

2hp 

3 l»p 

4 hp 

S-91IP 

Total 

Observed (m+x) 

226 

131 

88 

SI 

18 

II 

525 

Expected (m) 

200.5 

168.3 

88.3 

4X.6 

17.6 

S .7 

525-0 

xVna 

3-24 

8,27 

0.00 

2.12 

O.OI 

0.61 

14-25 


There are six classes in the table and two degrees of freedom are lost- 
one by accepting the total number and one (approximately) by accepting 
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the proportion of harelip in each group. With four degrees of freedom the 
chance that such deviations would occur from random sampling is less 
than o.oi and because of this small probability, the deviations are un¬ 
doubtedly significant. The deviations are of the order expected if there 
were a tendency for members of a litter to be similarly affected by en¬ 
vironmental factors. Among other factors, age of mother, if significant, 
could have caused deviations of this order. 

Table 3a presents the data for the large population (lines i, 2 and 3). 
It will be noted that small litters are deficient in harelip, litters of 5-7 agree 
with expectation while there is an excess of harelip in large litters. The 
test shows that the correlation between large litters and higher percentage 
of harelip is undoubtedly significant: total x^ = 16.04 with only two degrees 
of freedom. 

Signi ficance of the relation between size of litter and number of harelip in the litter 
(whole population) 


Litter size 

Observed hp (19.6%) (m-f-x) 
Expected hp m 
Deviation x 
xVm 


■( 


.+-^V- 

.804/ m 


1-4 

74 

103.3 

-29.3 

8.30 


5-7 

345 
339 3 

4 - 5*7 

o 96 


8-12 
178 
154 4 
•423.6 
3 62 


Total 


12.88 


I 244X 12.88 Total 16.04 


Table 3b 

Significance of the relation between size of litter and number of harelip in the litter (small population) 


Litter size 

1-4 

S -7 

8-12 

Total 

Observed hp (25.1%) (m-fx) 

48 

179 

100 

327 

Expected hp m 

55*3 

184.6 

87.1 

327.0 

Deviation x 

- 7*3 

- 5*6 

4-12.9 


xVm 

0,96 

0.17 

1.91 

3*04 



X® “ I -335 X 3.04. Total X®« 4 06 


In the small population the correlation is of the same type as that for 
the large population although x^ is not significant. There can be no doubt, 
however, that the effect of size of litter is present in the small population 
even though not in such a pronounced degree (table 3b). 

The actual correlation was calculated for the small population (1284 
animals). Biserial eta squared is equal to 0.035. This means that 3.5 per¬ 
cent of the total variation in harelip production of the small population is 
due to the litter size. Wright^s formula for biserial eta squared is, eta 
squared «crVi+<y*« The sigma is that for the total group of arrays. 
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Age of the mother 

King (1917) and others have found a relationship in rats between age of 
mother and birth weight of young. In all cases the young from mature 
dams were heavier than those from young females. If the age of the mother 
is an important factor in the expression of harelip, young mothers might 
be expected to produce a higher percentage of harelip young than mature 
ones. 

When the mean percentage of harelip produced by mothers of the vari¬ 
ous ages is calculated, we find larger fluctuations than we should expect 
from chance alone. The percentage of harelip young is high in the litters 
of 2 and 4 months old mothers but, by exception, is very low in the case 
of mothers 3 months old. Subjected to all manner of tests, this low per¬ 
centage from 3 months old mothers remains. It is always consistent and 
significant. The percentage for mothers 4-7 months of age is about that 
found for 2 months old mothers, but for mothers 8-10 months old, the 
percentage is very low (table 4). 

It was thought necessary to study those mothers which were still pro¬ 
ducing litters at 7-10 months of age. By selecting only those mothers 
which produced offspring from the time they were about 2 months of age 
until they were about 7-10 months old we avoid fluctuations in the data 
resulting from differences in harelip frequency of different fraternities of 
young. As an illustration, if one mother produced an average of 50 percent 
of harelip progeny in all her litters but produced none after she was 6 
months old, while a second mother averaged only 25 percent harelip, but 
produced them through 10 months of age, there would be a spurious drop 
in harelip production after 6 months of age observed in the combined data 
of the two females. Mothers which are more nearly homozygous for genes 
influencing harelip might produce higher percentages of harelip but fail to 
produce young after 6 months of age. Therefore the following calculations 
are from mothers which produced about one litter a month from the age 
of 2 months to 10 months. 

The lower part of table 4 shows the significant drop in harelip produc¬ 
tion at 3 months of age. This drop, which is the only statistically significant 
fluctuation, is impossible to explain physiologically at present. The drop 
in harelip percentage comes suddenly with mothers 10 weeks of age, while 
the abrupt rise begins at about 15 weeks. Examination of several groups 
of females separately shows, consistently, the drop in percentage of harelip 
produced by 3 months old mothers. 

A X* table was made to test whether there is an association between 
harelip e]q>ression and age of mother. In this table there were eight age 
groups against the two alternatives harelip and not-harelip, seven degrees 
of freedom, and a total x* of 18.01. It is probable that such a large x* would 
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result from chance factors alone only about once in one hundred times. 
Therefore there is a significant relationship between the expression of 
harelip and the age of the mother. 

, Table 4 

The percentages of harelip young born to mothers from 2-11 fnonths old 


AOS OP MOTHKR 

(monthb) 


NO. OP LITTERS 


HARELIP YOUNO 
(percent) 


2 

3 

4 


45 

85 


jo-9±3.S 

I 9 . 6 ± 2.2 
25.2 + 2.4 


5 55 . 30 - 9±3 4 

6 38 23 s±3-5 

7 23 22.0 + 4.1 


8 

9 

10 

11 


>7 

10 

3 

2 


17.2+4 3 
16.1 ± 4 . 7 
xi-3 
o o 


Data from mothers still producing at y-io months 

ACiE OP MOTHER 

(months} 

NO. LITTERS 

H\RELIP YOUNG (PEHCTINT) 

OIPPERENCB 

2 

52 

29 9±3 2 

2.2*^ 

3 

100 

21.2 + 2.2 

2 6*^ 

4 5 

J 72 

28 . 8 + 2.0 

o.f 

6-7 

95 

3 i- 5 ± 3 -i 

1.8^ 

8”io 

56 

23.3 + 3-5 



As a descriptive statistic it would be interesting to know how great the 
correlation is between age of mother and the expression of harelip. The use 
of the coefficient of correlation (r) is valid only when the regression is 
rectilinear; therefore it is better to use the correlation ratio (eta), which is 
suitable for both rectilinear and curvilinear distributions. Biserial eta was 
used in this case where the two alternatives, harelip and not-harelip, are 
correlated with the different ages of mother. Biserial eta was found to be 
0.164. The error of this correlation is not included, the x* test having shown 
the relation between expression of harelip and age of mother to be signifi¬ 
cant. The symbolism and formulae employed in determining eta were 
taken directly from Wright (1934b, p. 513-514). 

We have found eta = 0.164. Eta squared is 0.027, indicating about 3 
percent determination of the total variance of harelip by the age of mother. 
Considering the inexplicable drop in harelip production of 3 months old 
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mothers, this finding of 3 percent variance has not been considered in our 
final analysis; it is merely indicated that age of mother is a factor, but its 
quantitative determination is left in abeyance. 

Wright’s (1934b) valuable paper on polydactyly shows “that imma¬ 
turity of the mother has a much greater influence on the development of 
an atavistic little toe by the young than on a number of characters (such 
as mortality at birth) in which an effect would seem more likely on a 
priori grounds. ” I assume that the age effect in the case of polydactyly may 
parallel the age effect on harelip. I assume that if there is an effect of age, 
it is a direct physiological one acting upon the early embryo. 

Time interval between litters 

The gestation and nursing periods in mice each take ahout three weeks. 
Females often carry a litter while nursing the litter recently born and may. 
for a period of several months, both carry and nurse successive litters at 
the same time, weaning one litter at the birth of the next one. Such a re¬ 
productive load could conceivably affect expression of harelip. We may in¬ 
vestigate this possibility by use of the time interval between successive 
litters. If a litter is born 3 or 4 weeks after the birth of the previous litter, 
it is likely that this litter was carried while the previous litter was nursing. 
If, however, the litter is born 6 weeks after the previous one, this previous 
litter will have been weaned before gestation of the later one. We may com¬ 
pare the percentages of harelip contained in litters born 3, 4, 5, or 6 or 
more, weeks after the birth of the previous litter. Percentages of harelip 
for each litter were not calculated, but the mean percentage of harelip of 
all litters bom at the specified period. The material is all from the small 
population. 


NO. or UTTBB8 

NO. or WXBS8 BLAPBBD BINCK 

BIRTH or THB FRBVIOTJB UTTBR 

PRnCBNT IIARBLIP 

89 

3 

35-0 

25 

4 

39-8 

12 

5 

44.5 

35 

6 or more 

30-6 


We may well combine the data for 3 and 4 weeks (114 litters with 36.0 
percent harelip) and for 5 and 6 weeks (47 litters with 34.4 percent harelip). 
The difference between these percentages could easily be due to chance 
alone. There is, then, no significant effect of the length of the time interval 
between litters upon the expression of harelip. 

A further related attempt was made to analyze effects of the condition 
of the mother on the e:q)ression of harelip in the young. One might expect 
to fihd an association between the nursing of the previous litter and a 
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higher percentage of harelip in the next litter, if this next litter were in 
utero while the previous litter was nursing. This was not the case. If the 
previous litter was nursed, 27 of the litters which followed had a higher 
percentage of harelip than that of each corresponding previous litter; the 
remainder of the litters that followed (38) had a lower percentage of hare¬ 
lip than each of the corresponding previous litters. If the previous litter 
was removed at birth and not nursed, 63 litters arriving within the next 
month contained a higher percentage of harelip than the corresponding 
previous one, and 62 contained a lower percentage. 

Lactation has no apparent influence upon harelip expression. 

Birth rank 

The correlation between expression of harelip and age of mother (t/ha 
= ~.i6) allows us to be fairly certain that a correlation between birth 
rank and expression of harelip will be found because age of mother and 
birth rank bear an obvious relationship to each other. The correlation be¬ 
tween birth rank and expression of harelip proved to be 7 ;hb= — .12. This 
is not as great as the correlation between age of mother and harelip ex¬ 
pression and indicates that age of mother and not birth rank is a factor 
involved in the variation of harelip expression. Table 6 presents the data 
concerned with both birth rank and age of mother. 

The correlation between age of mother and birth rank is of course high 
(^AB “ + 96). It is concluded that birth rank has no effect on the expression 
of harelip. 

Seasonal variation 

It would be reasonable to assume that a character such as harelip might 
be influenced in its expression by seasonal changes. The temperature of the 
mouse room was held fairly near ^o°¥ during the winter months, but 
through late spring, summer, and autumn there were considerable fluctua¬ 
tions due to the effect of heat from outside. In spite of such temperature 
and seasonal changes there seems to have been no significant variation in 
the percentage of harelip young (table 7). 

Though there seem to be no seasonal differences of a regular sequence in 
harelip production it might be well to investigate periods of a shorter dura¬ 
tion. Some care was exercised in studying day-to-day periods but no signifi¬ 
cant fluctuations were found in the proportions of harelip offspring pro¬ 
duced in the shorter periods. 

Feed 

The only feed used was a balanced ration sold as a fox chow. Fresh water 
was always present. As no vegetables were given, the feeding may be con¬ 
sidered a constant factor which would have an equal effect, if any, on all 
the matings. 
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Uterine resorption 

It is conceivable that harelip embryos are absorbed in utero in cases 
where the condition might be serious enough to be lethal at early stages. 
Line 2 has been so derived that all animals of the last few generations are 
over 90 percent inbred. We find that this line is producing about 15 percent 
harelip in these generations, and that the average litter size is 6.8 (32 lit¬ 
ters). This is a large litter size for mice inbred to such an extent and in 
which there has been no selection for litter size. It is probable that there 
could have been but a very small prenatal death rate of harelip zygotes 
after implantation in this line at least. 


Table 7 

Absence of relationship between the season of the year and the percentage of harelip 


8EAHON 

NO. Oy LITT, RS 


percent harelip 

Decembor-February 

75 


23.3 + 2.6 

March-May 

142 


24 3±2 0 

June-August 

122 


22.0+1 8 

September-November 

30 


30 S ±4 I 

J)ecember-May 

217 


23.911.6 

June-November 

152 


23.6±i.7 

March-August 

264 


23.2 ± 1.4 

September- Februaiy- 

105 


25 3i2.2 


The difference between the incidence of harelip in line 2 (15 percent) and 
in line i (50 percent), with the litter sizes as they are, could be explained 
only on some assumption otfher than that of a difference in resorption. A 
study of the embryolog>^ of harelip (Reed, 1933) revealed no evidence of 
differential prenatal resorption of the extreme cases of harelip. 

It seems improbable to the writer that there is early zygotic elimination 
of harelip animals. If there is zygotic elimination it may be discovered in 
the future if a close linkage of harelip with some “regular” character is 
found. 

We have now investigated, within the limits of our data, the important 
agencies of the external environment which might influence the expression 
of the character. We have found no discernible effect of seasonal fluctua¬ 
tions, feed, birth rank, or uterine resorption. There is evidence that the con¬ 
dition of the mother, as measured by age, has some effect and that litter 
size has an effect of 3.5 percent on the total variance of harelip. 

EXPRESSION OF HARELIP MODIFIED BY INTERNAL ENVIRONMENT 

There were 548 males to 460 females with some type of cleft, and 272 
clefts of the left side alone and 218 of the right side alone in all the harelip 
populations. The difference in each of the comparisons (sex and symmetry) 
is statistically significant. 
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Sex 

Taking all the litters in the harelip stock in which all members were 
sexed at birth (undepleted litters), we find a total of 735 males to 754 fe¬ 
males, including both harelip and normal animals. We have noticed a 
marked excess of males among the harelip animals, but a slight excess of 
females when all animals are considered; it follows that among the non¬ 
harelip there must be an excess of females. There were 412 normal females 
to 320 normal males. Most of these excess females are probably normal 
overlaps for harelip. 

In human races the fact is unquestionable that harelip occurs with 
greater frequency in males than in females, and on the left side than on the 
right. This agrees with the observations on mice. In man the most serious 
cases are significantly more common among males than among females 
(Sanders, loc. cit.) and this is perhaps true in mice. When all grades of 
clefts are grouped, there are 54.4 percent males; but if only the severe cases 
are considered there are 55.5 percent males. Further, there is an eye defect 
associated with the harelip in my stocks which is perhaps another type of 
expression of the character. It agrees in showing an excess of affected in¬ 
dividuals of the male sex. Of the total of 203 animals with eye defects, 68 
were sexed; 51 were males and only 17 were females. 

The association of harelip and these eye defects is statistically signifi¬ 
cant. In the litters in which animals with eye defects appeared, there were 
60 animals with both eye defects and harelip, 143 with eye defects but no 
harelip, 150 with no eye defects but with harelip, and 616 animals without 
either eye defects or harelip (pi—P2 is equal to .100 + .032 where pi = per¬ 
centage of eye defects in harelip animals). The eye defect is similar to that 
found by other workers in other strains of mice and appeared in the harelip 
strains. Its.relation to defects reported by other workers is not known. 
One or both eyelids may be open at birth, often followed by considerable 
damage to the adult eye. 

In man the usual interpretation of the sex and symmetry differences is 
that males are weaker before birth and that the left side develops more 
slowly than the right (Sanders, 1934); therefore the excess of male and 
left side harelip. As we have no reason to assume that more males than 
females have the genetic basis for harelip, we may suggest that owing to 
weaker development of the male, the genot3rpe for harelip can e:q>ress 
itself there more often than it can in females, where the threshold is not so 
readily exceeded. 

Cyclopia in man and lower mammals appears more frequently in fe¬ 
males than males (Wright 1934a). The threshold here is crossed more 
easily in females than in males whereas with harelip the threshold is more 
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easily exceeded in males. Presumably the two ‘^thresholds” have quite dif¬ 
ferent biological bases. 

We may calculate the effect of sex on the total variance of harelip ex¬ 
pression. In the small population (1284 animals) in which we determined 
the amount of variance due to age of mother, there were 166 harelip males, 
476 non-harelip males, 135 harelip females and 507 non-harelip females. 
The harelip males constituted 25.8 percent of all the males and the harelip 
females 21.0 percent of all females in the small population. 

We shall assume that there is a normal distribution of factor complexes 
underlying the dichotomy of harelip versus not-harelip on a scale in which 
the factors have additive effects. Then if a is taken as the unit of measure¬ 
ment we may find the value of after determining the means on our nor¬ 
mal curve for males and for females. The mean of the males, and in like 
manner for the females, is found to be the value of the inverse probability 
integral of the percentage of males which are harelip minus one-half. Thus, 

percent harelip (q) q-i prf" ^ (q--^) 

cf cf’ 25.8 24.2 .650= cf* mean 

9 9 2T.O 29.0 .806= 9 mean 

Then, 

Him. 9 = 

1/4(.8o6~ .650)^= .061 

It will be recalled that the correlation squared between harelip and size 
of litter, for instance, is an indicator of the total effect of size of litter on 
harelip expression in the particular population which we have studied. For 
sex we found (r‘^ = .061 so if must equal 0.058. There is then a correlation, 

of nearly 6 percent between harelip expression and sex. 

Asymmetry 

The higher frequency of left clefts (55.5 percent) contrasted with right 
clefts (44.5 percent) brings up the problem of asymmetry. 

With harelip a small portion of the asymmetry is inherited as there are 
significantly more clefts of the left side alone than of the right side alone. 
Castle (1906) found that a majority of his polydactylous guinea pigs were 
sinistral, but that there was no specificity in transmission, and his en¬ 
deavor to increase the sinistrality by selection was unsuccessful. 

Harelip in mice (and probably in man) behaves in just this way. From 
animals 90 percent inbred one can predict that, on the average, more left 
than right clefts will appear in their offspring, but it is found that there is 
no comprehensible order in the appearance of the left and right clefts. 
If there were particular genes for normal (or abnormal) development of 
the left or right side of the face, one would expect that, as inbreeding pro- 
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ceeds, there would be a gradual segregation so that if unilateral clefts con¬ 
tinued to appear they would be more often on one side of the face in any 
inbred line. The most highly inbred lines (table lo) show no tendency for 
clefts of either the right or left sides alone to become established in any 
inbred line. The conclus’on that the abnormality is inherited but that the 
asymmetry is not seems to be justified if we allow for the exception of the 
excess of left clefts. 

Table io 

Absence of inheritance of left or right asymmetry (Wright's coefficient of inbreeding) 


LINB I (IN PART) 


NO. OF ANIMALS 

IN FRATBRNITT 

CJOEFFICIKNT OF 

INBRREDTNQ 

LEFT CLEFT 

RIGHT CLEFT 

6 

•594 

0 

0 

39 

.672 

2 

0 

13 

•734 

I 

0 

IO 

.785 

0 

I 

36 

.826 

3 

0 

IO 

•859 

I 

0 

24 

.886 

4 

I 

54 

.908 

I 

0 

60 

925 

0 

2 

50 

.940 

0 

2 

42 

.951 

2 

I 


LINE 2 (IN PART) 


21 

• 78s 

2 

0 

55 

.826 

4 

8 

51 

•859 

3 

0 

85 

.886 

3 

2 

46 

.908 

3 

2 

102 

•92s 

11 

7 

20 

.940 

0 

0 


There is another interesting observation on asymmetry. The eye defect 
associated with harelip showed an excess of affected males as did harelip 
itself; there is agreement as far as sex is concerned, but the asymmetry is 
exactly the opposite. There are more eye defects of the right side alone 
than of the left side, whereas with harelip the majority was on the left. 
There were 98 animals with the defects of the right eye, 60 with defects of 
the left eye And 45 with defects of both eyes. 

Wright’s (1934a) analysis of otocephaly shows no greater percentage 
of high grades of otocephaly among the more prevalent otocephalic fe¬ 
males than among the fewer otocephalic males. With harelip we have seen 
that the percentage of higher grades is slightly greater (though not sig- 
nMcantly so) among the males than among the females. 
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There is at least one distinction between the behavior of harelip and 
otocephaly. As the total frequency of harelip increases, the grade of the 
abnormality also increases; whereas with otocephaly, the grade of abnor¬ 
mality tends to decrease as the total frequency increases. In the common 
inbred harelip strains (high harelip frequency) 52.5 percent of the harelip 
animals were of the two highest grades (most severe cases), but of the 
various F2 and double outcross harelip animals (low harelip frequency) 
only 31.5 percent were of the two highest grades. An arbitrary, but con¬ 
crete, system of five grades was used. 

With inbreeding the percentage of extreme cases of harelip appears to 
increase even though the absolute percentage of harelip of all grades may 
be dropping. In three harelip lines (2a, 2b, and 3) the percentage of hare¬ 
lip dropped with inbreeding, but the percentage of harelip animals of the 
two highest grades probably rises in an absolute sense (table ii). 


Table 11 

Data for lines 20^ 2h^ and j of comparable generations 


roKrririBNT or inbiieedino 

PERCENT RAREUP 

I»EBCENT or TOTAL HARELIP Or 

3 HIGHEST GRADES 

70 ± 

22.3 

40.6 

8o± 

15 5 

74.3 

90 ± 

10 5 

58.3 


In line la, in which the percentage of harelip has been rising, the per¬ 
centage of cases which were of the two highest grades has also increased 
(table 12). 

Table 12 

Increase of frequency and severity of harelip in line la 


coErnciKNT or inbreeding 

(percent BOMOEyOOBIs) 

percent harelip 

percent or total harelip 

or 3 highest grades 

no. or 

HARELIP 

♦734 

7-7 

0 

I 

.78s 

20.0 

SO 

* 2 

.826 

26.3 

60 

5 

♦859 

45-0 

66 

3 

.886 

46.0 

55 

II 

.qo8 

7 r-S 

93 

15 

*925 

59-3 

100 

16 

*940 

79-4 

96 

23 


It might be expected that the fraternities of young among which there 
were the highest percentages of harelip would also show higher grades of 
harelip than fraternities with low percentages of harelip. This is not neces¬ 
sarily true because the most severe cases usually become predominant over 
the lower grades of harelip only after considerable inbreeding, whereas 
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high percentages of harelip may or may not accompany extended inbreed¬ 
ing. It was found that the 280 harelip bom in fraternities of less than 30 
percent harelip were of the lower grades in 167 instances, and of the two 
highest grades in 113 instances. Of the 301 harelip animals born in fra¬ 
ternities of over 30 percent harelip, 149 were of the lower grades and 152 
of the higher grades. From the fourfold table constructed with these data, 
we find that x* = 5-3; there is one degree of freedom. There is, therefore, 
probably a significant association between the two highest grades of hare¬ 
lip and the fraternities with over 30 percent harelip. 

We have found that there is no tendency for the asymmetry (side af¬ 
fected) to become fixed with increased inbreeding. Late inbred generations 
still produce left and right clefts in about the same proportion as did earlier 
generations. With inbreeding the variability of the expression of harelip 
decreases; that is, with inbreeding there are fewer unilateral clefts and 
more bilateral (52.5 percent extreme cases in inbred stocks but only 31.5 
percent extreme cases in crossbred stocks). Though the variability of hare¬ 
lip expression (severeness) always seems to decrease it is clear from tables 
11 and 12 and figure i that as the inbreeding goes on the percentage of 
harelip may either increase or decrease. As inbreeding progresses the char¬ 
acter is expressed more completely and severely irrespective of the per¬ 
centage of harelip. 

ALLOCATION OF THE RELATIVE INFLtJENCES OF ENVIRONMENTAL 
AND GENETIC FACTORS 

Wright has developed methods for determining the relative influences 
of heredity and environment on the variation of characters similar to hare¬ 
lip. It is not easy to apply some of the methods to characters which are 
lethal and overlap as does harelip, but the following attempts have been 
made. I am deeply grateful to Professor Wright for advice and assistance 
given while the paper was being written. 

The correlation between parent and offspring could be used to deter¬ 
mine the relative influence of heredity in regard to variation of the charac¬ 
ter. Unfortunately the parents do not have visible harelip, so it is impossi¬ 
ble to make a direct parent-offspring correlation between individual par¬ 
ents and offspring. It is possible to determine in a qualitative way whether 
or not there is some correlation between parent and offspring by finding 
the ordinary correlation coefficient between the percentage of harelip in 
the fraternity of the parent and the percentage in the fraternity of the 
offspring. 

The correlation between the percentage of harlip in the fraternity (large 
population) in which the mother was born and the percentage of harelip 
she gave was r = -f.333 ± .093 while that between the percentage of harelip 
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in the fraternity in which the father was born and the percentage he sired 
was r = +.186 ± .104. The average of these two correlations is r == + .26 ± .07 
which is fairly large and certainly significant. There is, then, a correlation 
between the percentage of harelip in the fraternity of the parent and the 
percentage in the fraternity of the offspring, though we can not use the 
above figures as a direct quantitative test of the amount of variance due 
to heredity. 

What portion of the variability in our population of 1284 animals due 
to both heredity and environment is common to substrains? We know that 
the differences common to substrains, but not common to the whole small 
population, would be wholly genetic. It will be shown shortly that the 
variation common to sibships is equal to 10 percent. This includes the 
variation common to substrains, and this substrain variation should be 
equal to 10 percent or less. 

The amount of variation common to substrains, but not to the whole 
population, can be calculated. The population of 1284 animals was di¬ 
vided into its substrains (the family tree partitioned into its branches or 
groups of fifty or more animals), the mean found for each substrain, 
prf“'(q —1/2), and finally biserial eta squared for the total groups. Bi¬ 
serial eta squared was found to be 0.109; therefore about ii percent of the 
total variability is common to substrains. 'I’he 10 percent variation, com¬ 
mon to both substrains and sibships, theoretically should include this 11 
percent common to substrains. The reason for the discrepancy is that there 
is apparently little, if any, variability common to sibships. Otherwise the 
agreement is as close as could be e.xpected. 

If variation were common to sibships, it would probably be divided be¬ 
tween genetic differences of sibships and persistent conditions of the 
mother. Table 3 of the following paper contains evidence that there are 
probably no persistent conditions of the mother which affect harelip (age 
of mother, etc., are not persistent conditions). W'e may conclude that 
about II percent of the total variation in harelip expression is common to 
substrains and that little if any of the total is common to sibships alone. 

The determination of the 10 percent of variation common to sibships 
and substrains was found by comparing consecutive litters of the sibships. 
It has just been noted that the variation is practically all common to sub¬ 
strains and none to sibships. The present determination of 10 percent is 
useful as a check on the previous finding of 11 percent for substrains. The 
comparison between each individual of an earlier litter and each individual 
in the next litter was carried out. If there were 2 harelip and 3 non-harelip 
in the earlier litter and i harelip and 4 non-harelip in the next litter, we 
could form a 2 X 2 table such as table 8. The actual data for our small popu¬ 
lation (1284 animals) are in table 9. It is necessary to use the tetrachloric 
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correlation for a normal frequency surface (Kelley 1924). The correla¬ 
tion was found to be rt= -f.ioo or 10 percent. 


Table 8 Table 9 

Correlations between individuals of diferent successive litters from the same mating 




ILLUBTKATIYll 

LATKR LITTKR 



ACTUAL DATA 

LATER LITTER 




NOT 

UARBLll* 

HARELIP 

TOTALS 


NOT 

HARELIP 

HARELIP 

TOTALS 


Not 

12 

3 

IS 

Not 

3402 1097 

4499 

Earlier 

Litter 

h&rdip 

Harelip 

8 

2 

10 

iiareiip 

Harelip 

II 2 I 485 

1606 

Totals 

20 

5 

25 

Totals 

45*3 1582 

ri = +.ioo 

6105 


The analysis of variation common to litters but not to sibships is now 
possible. If we compare individuals within each litter of the small popu¬ 
lation in a manner somewhat similar to that used in comparing litters of 
each sibship we find that the amount of the total variation common to 
litter mates, and including that common to substrains, is 21 percent. We 
know already that the variation common to substrains is 11 percent so 
we may subtract this from 21 percent and get 10 percent of the total varia¬ 
tion which is common to litters but not to sibships or substrains. The 
variance common to litters is divided into 4 percent due to the effect of 
size of litter and 6 percent miscellaneous effects as yet unaccounted for. 

The variation peculiar to the individual is a result in small part of its 
sex (6 percent) and of any segregation within litters. The amount of segre¬ 
gation should be slight as all members of each litter are certainly homo¬ 
zygous for the main harelip genes and probably for the same set of modi¬ 
fiers in each litter. Our residual, the environmental factors affecting the 
individual, accounts for nearly 75 percent of the total variation in harelip 
expression of this population which is approximately homozygous. It is 
interesting that such intangible factors as accidents of implantation should 
play such an important part in the non-genetic variation of an organism. 

We may conclude that the small population studied quantitatively 
(1,284 animals) was practically homozygous and that the variation in the 
expression of harelip was due in small part to sex, litter size and age of 
mother, etc., but in the major portion to intangible chance factors working 
from within the mother but not correlated with her activities. Such in¬ 
tangible factors might be accidents of implantation, proximity of embryos, 
blood supply, etc. 

Stated in another way, if all members of late generations of an inbred 
line possess the same genotype for harelip, whether the individual will be 
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phenotypically harelip depends in small measure upon its sex, the litter 
size, the age of its mother, etc., while the main determining factors are 
those of accident or chance. We have no knowledge as yet just which 
chance factors are most effective. 

Thus harelip is similar to white spotting in the guinea pig (Wright 1920) 
in which, after homozygosis has been reached, further variation (which 
may be quite considerable) is due mainly to accidental influences affecting 
each individual more or less independently of his sibs. Such is the case with 
both white spotting and harelip. The similarity in behavior of harelip and 
of otocephaly in the guinea pig is even more pronounced. 


SUMMARY 

In mice there are differences in harelip expression resulting from the ac¬ 
tion of both environmental and genetic factors. Differences in harelip ex¬ 
pression depend upon the sex of the individual, the size of the litter in 
which the indiv'dual was born, the age of its mother, asymmetry of the 
clefts, and in large part upon intangible chance factors. The variation in 
harelip expression resulting from these intangible chance factors may be 
best studied in populations in which all members are genetically harelip. 

In a population of 1,284 mice from highly inbred families there was ap¬ 
proximate homozygosis of genetic factors including those for harelip. How¬ 
ever, non-harelip animals still appear and there is considerable variation 
among the animals which are phenotypically harelip. The allocation of 
the effects of the various factors controlling expression of harelip in these 
families is considered to be of about this order: 


Variation common to substrains 

(but not common to the whole small population) 
Wholly genetic 

Variation common to sibships but not to substrains 
Genetic differences between sibships 
Persistent conditions of the mother 
Variation common to litters but not to sibships 


Size of litter 

4 percent 

Condition of mother at a given time 

Age of mother 

? 

Season 

0 percent 

Miscellaneous 

6 percent 

Variation peculiar to the individual 

Sex 

6 percent 


Individual genetic factors (slight) 
(segregation within litters) 


I little, or none 


II percent 


o percent 


10 percent 


79 percent 
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Factors of the environment (residual) 73 percent 

{ Accidents of implantation 
Proximity of embryos 
Blood supply 


100 percent 


It is possible to simplify our presentation of the results in this fashion: 


I. Variation due to hereditary differences 


a. Sex 

6 percent 

b. Substrain 

II percent 

Variation due to environmental differences 

a. Litter size 

4 percent 

b. Age of mother 

? 

c. Miscellaneous tangible factors 

6 percent 

d. Intangible factors 

73 percent 


17 percent 


83 percent 
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INTRODUCTION 


Q uantitative characters arc of extreme importance in economic 
plants. Because of difticulties involved in studying the inherit¬ 
ance of these characters less is known concerning their genetics than 
is the case for the qualitative characters. 

Sax (1923), Griffke (1925) and Sirks (1925) were the first to study 
factors for quantitative characters by means of their association with fac¬ 
tors for the production of qualitative characters. This method was used later 
by Immer (1927). Lindstrom (1926, 1928, 1929, 1931), who has studied 
the linkage between genes for quantitative and those for qualitative char¬ 
acters in the tomato, was the first to point out the possibilities of studying 
the inheritance of genes differentiating quantitative characters by means 
of their linkage with genes differentiating qualitative characters. Lind- 
strom’s studies furnish rather conclusive evidence that major factors for 
size of fruit occur in the tomato. Hayes and Harlan (1920) showed that 
there were at least three factor pairs affecting internode length in the spikes 
of barley. They found that these genes had different effects and were cumu¬ 
lative. Some long and short internode types may be differentiated by one 
factor pair and others by two or three. Wexelsen (1934) studying genes 
influencing internode length of the barley spike substantiated these results 
and pointed out that the genes are not necessarily alike in their dominance 
relationships, since Li, Li and La were found to be intermediate in a heter¬ 
ozygous condition, L, to be nearer to the short type, and La nearer to the 
long type. Rasmusson (1935) in a study of quantitative characters in 
Pisum demonstrated that two main factors, both showing partial domi¬ 
nance towards lateness of maturity, were at work in the material investi¬ 
gated. He estimated that they were responsible for about half the genic 
variation within the F* populations, whereas the other half was believed 
to be due to modifiers. He found that these genes were not strictly additive 
in their combined effect and this supported his interaction hypothesis. 

* Acknowledgments are due Dr. H. K. Hayes and Dr. F. R. Immer for criticism of the manu- 
script'Mtd Mr. S. P. Swenson for aid in classification of characters in the F| generation. Paper No. 
1415 at the Journal Series, Minnesota Agricultural Experiment Station. 
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This article reports a study of the effect of genes associated with color 
of glumes, type of spike and habit of growth upon yield of seed per plant, 
number of spikes per plant, height of plant, and length of awn. These 
include genes differentiating the qualitative characters in question as well 
as those which may be linked with them and which affect the quantitative 
characters being studied. It is apparent then that in part at least the effect 
of the differential genes in certain chromosomes is being measured, and it 
should be possible to establish the nature of the interactions of the genes 
located in different chromosomes. 

MATERIALS 

The material consists of data from Fi, F2 and F3 generations of a cross 
of B 1 and Brachytic. The contrasted characters of the parents are as 
follows: 


Character 

B 1 

Brachytic 

Color of Glumes 

Black 

White 

Type of spike 

deficiens 

vulgare 

Type of growth 

normal 

brachytic 

Yield of seed per plant in grams 

i.g± .07 

4.o± .25 

Number of spikes per plant 

3.8± .11 

4 . 7 ± .25 

Height of plant in inches 

25.61- .24 

i6.1+.15 

Length of awn in mm 

141.611.19 

71 .o± .71 


B I is a standard stock used in linkage studies at the Universitv of 
Minnesota (Daane 1931) and has been carried from individual plant selec¬ 
tions in the crossing plots. The parent material used as checks in this 
study was from the progeny of plants used in making the cross. The crosses 
were made by Dr. F. J. Stevenson. The Brachytic parent was obtained 
from Dr. L. J. Stadler, University of Missouri, and was selected by him 
from a population 6f the variety Himalaya, the seed of which originally 
came from the Montana Experiment Station. 

METHODS 

Planting, harvesting and measuring. The Fi and F2 were grown in the 
summer of 1932 and the Fs was grown in 1934 in 6 foot rows and spaced 3 
inches apart within the row. The B i and Brachytic parents were grown 
as a check in rows adjacent to the Fi. The progeny from nine plants of 
the B I parent were grown with the 20 F2 families, the nine B i families 
being distributed at random throughout the 20 F2 families. As a further 
check the progeny from one plant of the Brachytic parent were grown at 
the end of the series of plantings adjacent to the progeny from one plant 
of the B I parent. Thus since the Fi was grown some distance from the Fj 
plants any comparison of the two will have to be made through the par-^ 
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ents. At the time of harvest each plant was pulled, its height measured 
in inches, and the spikes cut off and placed in an envelope. During the fol¬ 
lowing winter the plants were classified; and the number of spikes per 
plant, the length of awns in millimeters, and the weight of seed in grams 
were recorded. In the F,i, 32 seeds of each F2 plant were sown and later 
notes on the mature plants were taken in the field. Flach family was studied 
on the individual plant basis and clas.sified as homozygous or segregating 
for each of the three qualitative characters involved. 

Statistical methods. First, the data were separated into 27 different geno¬ 
types on the basis of the factor pairs differentiating the three qualitative 
characters. Then the sums of squares, variances and regression coefficients 
were obtained for each genotype. The variances used in calculating the t 
values were corrected on the basis of the regression coefficients, Fisher 
(1934, p. 257). The variances for weight of seed per plant were corrected 
on the basis of the regression coefficients of weight of seed on the number 
of spikes; those for number of spikes on the basis of the regression coeffi¬ 
cients of number of spikes on weight of seed; those for height of plant on 
the basis of the regression coefficients of the height of plant on length of 
awn; and those for length of awn on the basis of the regression coefficients 
of length of awn on height of plant. 

From the data analysed in this manner it was found that the variances 
from the homozygous black, the heterozygous black, and the homozygous 
white glume segregates did not differ materially. Therefore a generalized 
standard deviation would be applicable. Consequently the total variance 
for comparing plants of the genotypes BB, Bb, and bb was obtained by 
adding the sums of squares for each of the nine genotypes resulting from 
a segregation of the genes differentiating type of spike and habit of growth 
and dividing by the appropriate degrees of freedom. The method is illus¬ 
trated in the following tabulation for weight of seed per plant: 
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OENOTVril 

N 

D.F. 

SPIKB8 (x) 

S(X 2 )~n 5 c* 

S(Xy)-NXY 

wBrBr 

6 r 

60 

489-443 

503.000 

wBrbr 

130 

129 

846.531 

1183.417 

whrbr 

64 

63 

181.484 

149.T42 

VvBrBr 

130 

129 

1578.992 

II51.002 

VvBrbr 

249 

248 

2375-406 

1847.454 

Vvbrbr 

130 

129 

787.700 

441.540 

VVBrBr 

78 

77 

805.962 

510.542 

WBrbr 

109 

108 

884.991 

606.767 

VVMr 

Total 

54 

S 3 

257.500 

131.617 


WKiOBT or 

REGRESSION 


REDOCED 

SEED (y) 

COBFriClBNTS 

r).F. 

scy 2 )-n 7« 

S(Y»)*"NT2 

YoiiX 



997.500 

1 .028 

59 

480.567 

2488.324 

1.398 

128 

833.954 

329-151 

.822 

62 

206.587 

999.069 

.729 

128 

160.050 

1864.521 

.778 

247 

427.678 

333.907 

.561 

128 

86.405 

412.707 

.633 

76 

89.300 

501.801 

.686 

107 

85.789 

82.703 

•511 

52 

15-430 



987 

2385.760 
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The data aie shown to 3 places to the right of the decimal point but in ob¬ 
taining the constants used in this study the figures were carried to six 
places to the right of the decimal point. As can be seen from the tabulation 
this method of obtaining the variances took out the differences between 
genotypes and consequently the variance obtained was that within geno¬ 
types. P'or making comparisons between the nine genotypes resulting from 
segregation of the genes differentiating type of spike and habit of growth 
the variance was obtained for each by adjusting the sum of squares on the 
basis of their respective regression coefficients. 'I’he reduced sums of 
squares are shown in the last column of the above tabulation and of 
course the variance for each genotype is found by dividing the reduced 
sums of squares by the degrees of freedom left after subtracting from the 
original degrees of freedom the one accounted for by the regression coeffi¬ 
cient. The t values to determine the significance of means and the t values 
to determine the significance of regression coefficients were obtained by 
use of methods given by Fisher, (1934) pp. 120 and 138 respectively. In 
determining whether differences between variances were statistically sig¬ 
nificant Fisher’s formula (1934, p. 214) was employed. Differences giving 
odds as great as or greater than 19:1 against the deviations noted as being 
due to the errors of random sampling were considered as statistically sig¬ 
nificant. 

"J'hat the regressions were obtained for each of the nine genotypes sepa¬ 
rately and adjustment of the variance for each genotype was made on the 
basis of its respective regression coefficient is important in that it shows 
what components of the variability are being controlled. By such a 
method the variability that is partially controlled is that due to environ¬ 
ment and the genes independently inherited from those linked with and 
differentiating type of spike and habit of growth. P’or illustration let us 
consider the variances for weight of seeds per plant in which it was found 
that the general correlation coefficient between weight of seed and num¬ 
ber of spikes within phenotypes was .81. This shows, as would be expected 
that the number of spikes per plant affects materially the yield of the 
plant. Now, since the purpose of this study is to measure differences be¬ 
tween genotypes it would be desirable to have the number of spikes held 
constant within genot)q>es in so far as it affects yield. This would in no 
way interfere with the differences in number of spikes between genotypes, 
but would aid in the study of the genes differentiating the qualitative 
characters involved and any genes that might be linked with them. The 
completeness with which the effect of the linked genes is measured de¬ 
pends of course upon the closeness of the linkage relationship. 
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EXPERIMENTAL DATA 

Inheritance of Color of Glumes, Type of Spikes and Habit of 
Growth, and their Linkage Relationships 

A knowledge of the number of genes differentiating the qualitative char¬ 
acters and their linkage relationships is essential to a correct interpreta¬ 
tion. The data bearing on this point are given in table i. The proportion 
of homozygous black glume: heterozygous black glume: homozygous white 
glume segregates was 252: 504: 249; the proportion of homozygous de- 
ficiens: heterozygous deficiens: homozygous vulgare was 241: 509: 255; 
and the proportion of homozygous for normal habit of growth: those 
heterozygous for normal habit of growth: those homozygous for brachytic 
habit of growth was 269: 488: 248. These figures arc based on the scgrega- 


Table I 

Linkagerelationships between three qualitative characters as determined by partitioning x* for goodness 

of Jit into its components. 


TYPE OP SPIKE VH. 

COLOR OP OLUMEB 

OENOTTPE OBTAINED 

HABIT OF GROWTH V 8 

COLOR OP GLUMES 

GENOTTPE OBTAINED 

TYPE OP RPIKK la. 

HABIT 0 > GROW! II 

GENOTYPE OBTAINED 

EXPECTED 

IF INDE¬ 
PENDENT 

VVBB 

$6 

BtBtBB 

70 

VVBrBr 

78 

62.81 

VVBb 


BrBrBb 

128 

VVBrbr 

109 

125 62 

VVbb 

70 

BrBrbb 

7 i 

VVbrbr 

54 

62 81 

VvBB 

134 

BrbrBB 

118 

VvBrBr 

130 

125.63 

VvBb 

256 

BrbrBb 

257 

VvBrbr 

249 

251-25 

Vvbb 

119 

Brbrbb 

”3 

Vvbrbr 

130 

125.63 

wBB 

62 

brbrBB 

64 

vvBrBr 

61 

62.81 

vvBb 

i33 

brbrBb 

H 9 

vvBrbr 

130 

125.63 

vvbb 

60 

brbrbb 

65 

wbrbr 

64 

62.81 

P between .50 and 30 

P between .80 and .70 

P between .30 and .20 



tion as determined by classification of the Fa and a progeny test in the 
Fa generation. The expected ratio for all three characters based on the 
hypothesis that the contrasted characters are differentiated by i factor 
pair is 251.25: 502.50: 251.25. The P values obtained by applying the x® 
test were found to lie between .98 and .95, .80 and .70 and .50 and .30 for 
color of glume, type of spike and habit of growth, respectively. It is appar¬ 
ent that the three qualitative characters are differentiated by a single fac¬ 
tor pair. 

The data concerning the linkage relationships of these three qualitative 
characters are given in table i also. The P values of x* for independent 
inheritance for type of spike and color of glume, habit of growth and color 
of glume and type of spike and habit of growth lie between .50 and .30, 
.80 and .70, and .30 and .20 respectively. It may be concluded that the 
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genes differentiating the characters under consideration are located in dif¬ 
ferent chromosomes. That color of glumes and type of spike are inde¬ 
pendently inherited has been shown by previous workers. For a review of 
literature on linkage relationships see Daane (1931). It is apparent that 
any effect upon yield, number of spikes, height, or length of awn that may 
be found to be associated with any of these pairs of alleles will be inde¬ 
pendent, as far as linkage relationships are concerned, from the effect that 
any different pair of alleles might be exerting. 

Genes Associated With Color of Glumes 

The means of weight of seed, spikes per plant, height of plant, and length 
of awn for the three different genotypes are given in table 2. The genotype 
was determined by segregation in the F2 and a progeny test in the F3 gen¬ 
eration; whereas, the measurements are for the F2 generation. 

Table 2 


The means of four quantitative characters measured in the F2 generation of a cross between and 
BrachytiCf classified into phenotypes and genotypes according to color of glumes. 


PHlCNOTrPER 

OENOTYPEH 

WEIOHT or 

BEEDB IN 

GRAMS 

NUMBER OP 

SPIKES PEI. 

PLANT 

HEIGHT UP 

PLANT IN 

INCHES 

LENGTH OP 

AWN IN 

MM 

White 

(W) 

4‘7 

5-9 

24.4 

ii 7‘3 

Black 

(Bb) 

50 

6.0 

24.6 

119.6 

Black 

(BB) 

4-7 

5.8 

24.2 

117.8 


If a t value of 1.960 which gives a P value of .05 is taken as statistically 
significant, the seed yield of the Bb segregates was significantly greater 
than either those of the genotype BB or bb; whereas, the weights of seed 
per plant for the BB and bb segregates were practically the same. The t 
values were 2.501, 2.491 and .148 respectively. The only other t values 
exceeding i .960 were those for Bb and bb in comparing length of awn and 
Bb and BB in comparing height of plant. However it can be seen from 
table 2 that in every case the mean of the heterozygote exceeds those of 
the two homozygotes for the four characters. Even though the differences 
between the two homozygotes and the heterozygote are small, there seems 
to be little reason for questioning their biological significance. Since the 
differences between the two homozygotes are neither consistent nor have t 
values sufficiently large to closely approach a P. of .05, it can be concluded 
that bb and BB do not have a differential effect upon weight of seed, spikes 
per plant, height of plant, nor length of awn. 

These results can be explained by Jones’ (1917) hypothesis to account 
for heterosis. If this explanation is accepted then the increases noted for 
the heterozygote must be due to favorable, and at least partially domi¬ 
nant genes, some of which must be located on the same chromosome with 
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B and others on the homologous chromosome with h. Furthermore, it must 
follow from the results obtained, if we are to accept Jones’ hypothesis, 
that in the homozygous condition the genes located in the same chromo¬ 
some with B have a similar effect upon the characters under consideration 
as do the genes linked with b when they are in a homozygous condition. 

Genes Associated with Type of Spike and Habits of Growth 

The data showing the reaction of the genes upon the four quantitative 
characters are given in tables 3 and 4. Table 3 is designed to facilitate an 
analysis of the differences between the vv and Vv segregates, the vv and VV 
segregates, and the Vv and VV segregates. These differences are shown for 
plants of the genotypes BrBr, Brbr, and brbr, making a total of nine com¬ 
parisons for each of the four quantitative characters. Table 4 is the same 
as table 3 except that it is designed to facilitate an analysis of the differ¬ 
ences between the BrBr and Brbr segregates, the BrBr and brbr segregates, 
and the Brbr and brbr segregates. 

From Table 3, it can be seen that in every case the vv plants gave a larger 
yield of seed per plant than did the Vvor Tl'segregates and Vv segregates 
exceeded VV segregates. The lowest t value obtained for any of these com¬ 
parisons was 5.495 which gives odds greater than 99:1 against the devia¬ 
tions noted being due to the errors of random sampling. Vv exceeded vv 
plants among the J 5 rj 5 rand Brbr segregates for number of spikes per plant, 
height of plant, and length of awn and the t values for the differences had 
a P value of less than .01 in all cases. Likewise, the Vv plants exceeded the 
vv plants among the brbr progeny but the t values were less than the above; 
that for number of spikes per plant being .658, for height of plant 3.197, 
and for length of awn 1,601. It will be remembered that a value of 1.960 
is necessary for a P value as low as .05. For spikes per plant, height of 
plant, and length of awn the VV segregates exceeded those possessing ri; for 
the BrBr and Brbr genotypes, but the t values for this comparison in the 
BrBr genotypes were only .700 and 1.632 for number of spikes per plant 
and height of plant, respectively, and 2.467 for length of awn. The t values 
in the Brbr progeny for spikes per plant, height of plant, and length of awn 
were 2.207, 5.304 and 4.898 respectively. The reverse was true for the brbr 
segregates since the vv progeny exceeded the VV progeny. The t values were 
4.268, 1,968 and 4.268 which are sufficiently large to give substantial odds 
against the differences noted being chance deviations due to the errors of 
random sampling. 

Table 4 shows that in respect to weight of seed per plant Brbr exceeded 
BrBr in two of the three comparisons, namely, in the VV and vv segre¬ 
gates. The odds against the difference being due to the errors of random 
sampling in the first case were a trifle less than 99:1 and in the second 
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♦ t test gives? >.05. 

1 1 test gives P < .05 but > .01. 
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case were 9:1. It seems reasonably safe to conclude that the Brhr segre¬ 
gates in the VV plants possessed a somewhat larger weight of seed per 
plant than did the BrBr segregates. In every case and for all four char¬ 
acters, the BrBr and Brhr segregates exceeded the brbr plants and in no 
comparison were the odds against the differences being due to the errors 
of random sampling less than 99:1. 

THE NATURE OF THE INTERACTION BETWEEN THE NON-ALLELIC GENES 

The nature of the interaction between the non-allelic genes is of particu¬ 
lar interest, as it is of fundamental importance to know whether the favor¬ 
able growth genes give the same increase over the less favorable growth 
genes in all genotypes. To facilitate the study of this problem, the data in 
table s were compiled. This table gives the interactions between the genes 

T\bli- s 

Thf tnteractions behtrrn tho!>r Rents differentiating and asse tated in inheritance with type oj spike and habit oj growth as 
regards their effect upon jour quantitative characters. 


WKIOHT SPJKES HEIGHT LENGTH 

Of sFFl> PFR PLANT OF PLANT OF AWN 

INlFRAf’TION DlfFLRFNrF DIfFFRFVfE PIFFERINCE DIFFfRFNCE 



GRAMS 

t 

NO 

t 

IN 

t 

MM 

t 

VulgAtp (vv) \ (leficicns (Tt ) an<l 
Normal \BrBr) vs. normal (Brhr) 

.7ft 

2 183 

78 

2 693 

54 

I IQS 

16 

058 

Normal (Brbr) vs. brachytic (brhr) 

U 

Q <)2 

I 50 

4 005 

51 

I 039 

M h3 

S 442 

Normal (Brbr) vs. brachytn. (brbr) 

I to 

3 54.t 

.81 

3 030 

I OS 

2 446 

M 47 

6.227 

Vvilgare (w) vs. defitiens (V’V) and 

Normal (BrBr) vs. normal (Brbr) 

.to 

697 

r8 

.553 

77 

I 624 

I 70 

. 503 

Normal (BrBr) vs. brachytic (brbr) 

70 

I 627 

-1 15 

3 oco 

-I 32 

2 484 

“I4.18 

3 040 

Normal (Brbr) vs. brachytic (brbr) 

1 00 

2 

-1 .U 

4 503 

— 2 09 

4 476 

-15.88 

5.486 

Dcficiens v.s. dcficicns (IT) and 

Normal (BrBr) vs. normal (Brbr) 

46 

2 M3 

.96 

3.676 

.23 

.542 

I 86 

.697 

Normal (BrBr) vs. brachytic (brbr) 


I 742 

.44 

I 524 

.8t 

I 631 

.45 

.160 

Normal (Brhr) vs. brach>tic (brbr) 

, 10 

469 

• .52 

1.966 

I 04 

2 317 

I 41 

.581 


differentiating and associated by linkage with type of spike and those dif¬ 
ferentiating and associated by linkage wdth habit of growth. A brief state¬ 
ment concerning the formulation of this table will help to clarify the 
discussion which follows. For illustration consider the interaction vv vs. Vv 
and BrBr vs. Brdr. The information given is whether the difference be¬ 
tween w and Vv in combination with BrBr is the same as in combination 
with Brbr. This may be tested by comparing the two differences. Thus the 
difference (wBrBr- VvBrBr) - (wBrbr — VvBrbr) for weight of seed is .76 
grams, as can be seen from table $ in which these differences between two 
differences are listed together with the t values for testing their signifi¬ 
cance. If the difference (wBrBr—VvBrBr) —(wBrbr—VvBrbr) is statis¬ 
tically significant, then it must necessarily follow that the difference 
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{vvBrBr—vvBrbr) — {VvBrBr—VvBrbr) must also be statistically signiii- 
caiit, as the final figures are identical. The reason for this is apparent as in 
both cases we are dealing with the same interaction stated differently. 
The former statement emphasises the Vv genes whereas the latter places 
the emphasis on the Brbr genes. In the discussion of the interactions in 
this article, for the sake of clarity emphasis will be placed on the Vv genes. 

From the t values in table 5, it can be readily determined which inter¬ 
actions are statistically significant. The following interactions for weight of 
seed have t values larger than 1.960; w vs. Vv and BrBr vs. Brbr^ vv vs, Vv 
and Brbr vs. brbr, vv vs. Vv and Brbr vs. brbr, vv vs. VV and Brbr vs. brbr, 
and Vv vs. VV and Brbr vs. BrBr. Considering spikes per plant, only two of 
the nine interactions have t values lower than T.960; whereas, both height 
of plant and length of awn have five t values below this figure. These data 
are conclusive in showing that the interactions between the non-allelic 
genes are of such a nature that the more favorable growth factors do not 
give the same increase over the less favorable growth factors in all geno¬ 
types. 

The nature of this interaction as determined by which genotype induces 
larger increases can be determined from the data in tables 3, 4, and 5. 
Table 3 shows that vv plants combined with a high producing genotype are 
favored more than are Vv or VV plants, as concerns weight of seed per 
plant. For example, the difference between vv and Vv plants in the BrBr 
genotype is 2.22, in Brbr is 2.98, and in brbr is only 1.88. Likewise, the 
difference between vv and VV plants in the BrBr genotype is 3.44^ in Brbr 
is 3.74, and in brbr is only 2.74 grams. From the t tests of the interactions 
given in table 5, it can be seen that 2.98 is significantly different from 2.22 
and 1.88 and that 3.74 is significantly different from 2.74. Table 3 shows 
that the difference between Vv and VV plants was greater in the BrBr 
genotype than it was in Brbr or brbr and the t test for the interactions 
listed in table 5 show that this difference involving the BrBr and Brbr 
genotypes is probably statistically significant. Therefore, in this study, it 
is evident that the genes favorable to high plant yields when transferred 
from a low to a high yielding genot)T)e are, in comparison with their 
alleles and in absolute values, still more favorable to plant growth. The 
only exceptions to this were the difference between the Vv and VV plants 
in the Brbr genotype in comparison with the difference between the Vv 
plants and the VV plants in the brbr genotype. The differences were ob¬ 
tained from means of 5.0 and 4.2 grams in comparison with 2.6 and 1.7 
grams. In this case the smaller means did not give the smaller difference; 
that is, the Vv plants in comparison with the VV plants did not give an in¬ 
creased difference in the higher yielding genotypes. 

It remains to be seen whether the same general conclusions can be drawn 
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for the other three quantitative characters studied. In making the com¬ 
parison between vv and Vv plants for the BrBr and Brhr genotypes, it is 
necessary to know whether the latter two genotypes differ. The only sta¬ 
tistically significant difference between these two genotypes, as can be seen 
from table 4, was for spikes per plant in the Vv genotype. Then, if the more 
favorable genes give still greater increases when in the higher tillering geno¬ 
types, it would be expected that the difference between vv plants and Vv 
plants would be still greater in the BrBr genotype than the same compari¬ 
son in the Brbr genotype. That such actually was the case can be seen from 
table 3, and that the difference between the two differences of —1.72 and 
— .94 was significant can be seen from table 5. The t value is larger than 
necessary to give odds of 99:1 against the deviation of .78 being due to 
the errors of random sampling. Likewise, according to the hypothesis that 
the genes more favorable to growth give greater increases over those less 
favorable in combination with genes also favorable to growth, the differ¬ 
ence between vv and Tz* plants of the genotypes BrBr and Brhr should be 
greater than the difference between vv and T? plants in the brhr genotype. 
Such was found to be the case for all characters (see table 3) and with the 
exception of the comparison between the differences involving vv and Vv 
in the BrBr and brbr genotypes for height of plant the differences were sta¬ 
tistically significant. 

In comparing the vv and VV plants the BrBr and Brbr genotypes may 
be omitted as the latter two genotypes do not differ significantly in the 
three quantitative characters measured. The hypothesis that the differ¬ 
ences would be still greater in the genotypes of higher values does not fit 
the data as regards the comparison between vv and VV plants in the geno¬ 
types BrBr and Brbr compared with brbr. For example, in the brbr geno¬ 
type vv plants have a greater number of spikes per plant, a greater height 
and a longer awn; whereas, in the Brbr genotype the reverse is true and 
in the BrBr genotype the only significant difference is for length of awn 
and it is in favor of the VV plants. As regards the comparison between Vv 
and VV plants and involving the three characters spikes per plant, height 
of plant, and length of awn, the only consistent difference seems to be 
that in every case the Brbr genotype gave lower differences (table 3) than 
did the BrBr and brbr genotypes. The differences noted for the interaction 
Vv vs. VV and BrBr vs. Brbr for number of spikes were statistically signifi¬ 
cant as were also the differences for the interaction Vv vs. VV and Brbr vs. 
brbr for number of spikes and height of plant. The differences are given 
in tables 3 and 4 and the interaction in table 5. 

The regression coefficients of weight of seed on number of spikes give 
additional information concerning the nature of the interactions of the 
genes influencing yield of seed per plant. Table 6 shows that in every case 
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the addition of a spike among the vo segregates gave a greater increased 
yield than did an addition of a spike among the Vv or VV segregates. 
Likewise an addition of a spike per plant gave a greater increase in yield 
among the Vv segregates than did the addition of a spike per plant among 
the VV segregates. The difference between these two genotypes is statis¬ 
tically significant in two out of the three comparisons. Turning to the 
different combinations of Br and hr, the Brbr plants gave a greater in¬ 
creased yield for each additional spike per plant than did the BrBr plants, 
(see table 7). In only one case however, did the odds against the differences 
being due to the errors of random sampling exceed 19:1. In every case an 

Tahle 0 

The regression coeJIicients of weight of seed on number of spikes compared on the basis of genes asso¬ 
ciated in inheritance with type of spikes. 


PHENOTYPE AND GENOTYPE 


WEIGHT or SEED PER PLANT ON NUMBER OF SPIKES 


R 10 RES 8 I 0 N 

COEmclENTS 


DIPFERENCB t 


Vulgare (w) vs. deficiens {Vv) 

grama 

grama 

grama 


Normal (BrBr) 

1.03 

•73 

.30 

3 -i 2 i 

Normal (Brbr) 

I 40 

.78 

.62 

8.448 

Brachytic (brbr) 

.82 

• 5 b 

.26 

2.555** 

Vulgare (w) vs. deficiens (VV) 





Normal (BrBr) 

1.03 

•63 

.40 

3.348 

Normal (Brbr) 

1.40 

.bg 

.71 

7.490 

Brachytic (brbr) 

.82 

•51 

•31 

2.297** 

Deficiens (Vv) vs. deficiens (VV) 





Normal (BrBr) 

•73 

•b 3 

. 10 

1.995** 

Normal (Brbr) 

.78 

.69 

.09 

1.942* 

Brachytic (brbr) 

.5b 

•51 

■05 

•91S* 

Bi parent (VVBrBr) vs. F2 genotype (VVBrBr) 

•53 

•b 3 

— . 10 

I.968*^ 

Brachytic parent (wbrbr) vs. F2 genotype (wbrbr) 

•70 

.82 

— .12 

.870* 

Bi parent (VVBrBr) vs. Bi parent (VVBrBr) 

•54 

•53 

.01 

. 142^ 


* t gives P>.o5 ** t gives P<.05 but >.oi. 


additional spike gave a greater increase per plant in the BrBr segregates 
than was the case as regards the brbr segregates. Here again, only one of 
the differences was statistically significant but it was decidedly so. In all 
cases the Brbr segregates gave a greater increased yield per additional spike 
than was true for the brbr segregates and all the differences were statis¬ 
tically significant. 

It is of interest to know the manner of interaction that exists among the 
genes affecting yield. For example, do w plants give the same increase per 
additional spike over Vv plants, whether in combination with BrBr, Brbr, 
or brbr? It is evident from table 6 that the increase is greater in combina¬ 
tion with Brbr than when in combination with BrBr or brbr. The same is 
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true for the comparison between the vv and VV plants. The t values for 
these interactions were found to exceed i.q 6. It is evident that a difference 
in interaction of factors exists, and the only general conclusion to be 
drawn, and which does not hold for all cases, is that genes favorable to 
increased yield per additional spike give still greater absolute increased 
yields when in combination with other genes which also favor the develop¬ 
ment of this character. 

TabIE 7 

llte regression coejfuients of weight of seed on number of spikes compared on the basis of genes asso¬ 
ciated in inheritance with habit of growth. 


WKIUin OK bKLD 1‘Kll PLANT ON NTIMBKH OK SPIKKB 
PIIENOTIPK ANIM.KNOl JPL ——--- 



rOEFPK lENTS 

DIKKKIlENt’B 

t 


grains 

grams 

grama 

...... 

Normal (Brlh) vs. Normal (Brbr) 

Vulgart* (rr) 

1 0.^ 

I 40 

-■37 

2 4 S 9 ** 

DcfititTis (I’l-) 

.7^ 

7 H 

-■05 

1 200 * 

Deliciens (I’T) 


.6t) 

— 06 

I 260* 

Normal (BrBr) vs brath) tit {hrbr) 

Vulgart* (vv) 

1 o.i 

.82 

21 

994* 

Oetkiens (I'r) 



•17 

5*934 

Dcficiens (ri' ) 

b .5 

5 i 

1 2 

1853* 

Normal (Brhr) vs. brachytit (hrbr) 

Vulgare (vv) 

1.40 

82 

• ss 

3 010 

Deficiens (Up) 

■7S 

• 5 b 

. 22 

4 -ST 2 

Delkiens (VV) 

09 

51 

18 

0 

00 

0 

• t gives I’> 05 

♦♦ 

t gives P< 05 but >.01. 



COMPARISON BETWEEN THE Fj GENERATION, CERTAIN F2 
GENERATION GENOTYPES AND THE PARENTS 

The comparison of the h'i generation and parents and certain genotypes 
of the F2 generation and parents provides information concerning the ef¬ 
fect upon weight of seed per plant of genes not linked with the qualitative 
characters analyzed in this study (table 8). It will be remembered from 
the discussion of methods that due to the fact that Fi and F2 generations 
were grown some distance apart, although in the same series, a comparison 
between them must be made by use of the parents. The difference in yield 
between the Fi generation VvBrbr and the B i parent VVBrBr was 4.1 
grams; whereas, the difference in yield between the F2 generation plants 
VvBrbr and the B i parent VVBrBr plants was 3.1 grams (table 8). Both 
of these differences have a P value of less than .01 and therefore, are un¬ 
doubtedly statistically significant. The difference between the two differ¬ 
ences also shows P<.oi. This means that the difference between Fj 
VvBrbr and the B 1 parent was greater than the difference between F2 
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VvBrbr and B i parent. The same relationship held for the comparison 
between Fi VvBrbr and F2 VvBrbr plants with the Brachytic parent plants, 
but the difference between the two differences was not statistically signifi¬ 
cant. These data show that there must have been a reduction in weight of 
seed per plant between Fj {VvBrbr) and F2 (VvBrbr) plants. This reduction 
can be accounted for by partially dominant genes affecting yield and at 
least not closely linked with Vv or Brbr^ probably the ones having the most 
effect being independently inherited. 

The presence of these genes may be tested further by comparing the F2 
plants of the genotypes VVBrBr and vvbrbr with the parental plants of 
the same genotypes, respectively (see table 8). If there are no genes other 


Table 8 

Weight of seed per plant of the parents compared with weight of ^eed per plant of the F\ 
and of certain F2 genotypes. 




WKIUIIT or SEKi) 

PER PLANT IN 

ORA MS 

COMPARISON 

N 

— 

— 

— 





WKIOHT 

DIPPEUENCE 

t 

Fi {VvBrhr) vs. Bi parent {VVBrBr) 

0 

§ 

5 6 

1 5 

4 I 

7*930 

Fi {VvBrbr) vs. brachytic parent (vvbrhr) 

57 and 6o 

5 b 

4 3 

> 3 

2.012** 

F2 {VvBrbr) vs. Bi parent (VVBrBr) 

24g and 266 

5 0 

1.9 

31 

34*171 

Fa (VvBrbr) vs. brachytic parent (wbrbr) 

249 and 

5 0 

4.0 

I 0 

3.229 

F2 (VVBrBr) vs. Bi parent (VVBrBr) 

78 and 266 

3 9 

j .9 

2 0 

28.189 

Fa (wbrbr) vs. brachytic parent (wbrbr) 

64 and 63 

4-5 

4 0 

•5 

.761* 

Fi (VvBrbr) vs. Bi parent (VVBrBr) and 






Fa (VvBrBr) vs. Bi parent (VVBrBr) 




1.0 

4.148 

Fa (VVBrBr) vs. Bi parent (VVBrBr) and 






Fa (wbrbr) vs. brachytic parent (wbrbr) 




1-5 

5.807 


* t test gives P>.05. 

** tgives P<.05 but >.01. 

than those closely linked with Vv and Brhr which affect yield and are 
segregating, the differences in yield between parental and F, plants of the 
corresponding genotype should not be statistically significant. Table 8 
shows that the difference between F, plants VVBrBr and the B i parent 
VVBrBr is statistically significant, whereas that between the F, wbrbr 
plants and the Brachytic parent wbrbr is not. Also, the difference betwen 
the two differences is statistically significant. It is evident that the genes 
more favorable to high yield in the F, plants of the genotype VVBrBr than 
in Fj plants of the genotype wbrbr must have entered the cross from the 
Brachytic parent. There is no corresponding depressing effect on yield of 
grain per plant of the alleles of these genes entering the cross from the B i 
parent; if there were, the F, wbrbr segregates should yield less than the 
Brachytic parent wbrbr. Such was not the case. Again there is proof of a 
difference in the interaction of factors. 






QUANTITATIVE CHARACTERS IN IIORDEUM 413 

THE VARIANCES OF THE DIFFERENT GENOTYPES AND PARENTS 

When studying quantitative characters, it has been the practice of ge¬ 
neticists to use homozygous material as a measure of the environmental 
variability. By the analysis of variance, it is possible to divide the total 
variability into that due to the genes isolated in the population being stud¬ 
ied and that due to residual genetic variability plus environmental varia¬ 
bility, In certain cases it is desirable to determine the residual genetic 
variability. If the parents can be used to measure the environmental varia¬ 
bility, it can be accomplished readily by analyzing the variability into 
that due to genotypes and within genotypes. The variability within geno¬ 
types minus the environmental variability which has been measured by 
the parents would leave the residual genic variability. This method has 
been used by Rasmusson (1935). 


'I M»L1 Q 


The mtany and non ad)usted xariaii(e\ for the dtjferent phenotypes and i^enotypes. 


IMU NOT YI'F 

ot NOIM’L 

<M sl-FD 

JN (.HAWS 

M^.^N \ ARUNt E 

NUMBl'K OF ^P 1 KTS 

PER PLANT 

MEAN VARiANt 1 

iiFK.in 

IN 

MFW 

i)F PLANT 

IN 

\ VRJANrr* 

LtNorilOl- AWN 

IN MM. 

MEAN VARIANCF 

\ ulfiaro normal 

(vv/hhr) 

8 0 

IQ 28 q 

^ f) 

6 <>62 

25,.^ 

•> 70s 

126 

S 

2 S 7 

\ ul^aro normal 

ivvBrlir) 

7 S 

16 62 S 

5 7 

8. i ';7 

2*; 0 

6 704 

127 

3 

384 006 

Ih’lidcn*; norma! 

iWHrBf) 

^ I 

7 711 

7 4 

12 240 

27 4 

7 ^23 

143 

8 

265 90s 

Ddicicns normal 

(VvBrbr) 

s 0 

7 >;t8 

6 

9 >^78 

27 ^ 

7 067 

U2 

7 

226 6S4 

\ ulgare Hratlij tir 

(iihrbr) 

4 S 


4 « 

2 880 

17 2 

3 824 

62 

7 

73 S 77 

heru icn', normal 

(IT/JtAr) 

4 

4 f> 4 t> 

f) 0 

8 IQ4 

20 7 

4 726 

ns 

5 

23 Q 844 

n(jrmal 

(V\ BrBt) 

^ 0 

i-Q 

0 

10 4^>7 

26 s 

5 8^7 

n 4 

8 

MO 472 

Dcficicns lirachytic 

(Vvbrbr) 

2 

2 ^88 

4 0 

9 ion 

18 ^ 

S 8u 

64 

7 

7 ^ 706 

Hrarhyttc 

(VVhrbr) 

1 7 

I "joo 

3 « 

4 858 


S S36 

56 0 

121 7S4 

M I Parent 

(VVBrHt) 

1 0 

1 6(18 

3 7 

4 

2*; I 

0 224 


8 

?4T 487 

Hrathytic Parent 

(vvbrbr) 

4 0 

7 ^>0^ 

1 7 

7 4 .'(> 

16 I 

2 o >7 

71 

0 

47 822 

H 1 Patent 

(VV fir lit) 

I Q 

1 ()()0 

t 8 

4 941 

2^ 6 

6 617 

141 

6 

163 416 


Table g gives the variances and means for the different genotypes and 
parents. It should be recalled that the variances found for the Brachytic 
and B i parents listed in the last two rows of table 9 are not directly com¬ 
parable with these given for the F, genotypes and B i parent, as they were 
grown in rows at the end of the series, whereas the data from the nine B i 
families, distributed at random with the twenty F, families would be com¬ 
parable with the data from the F,. The Brachytic parental data w’ould be 
comparable with the F* data by means of the B 1 parent. 

As regards weight of seed per plant, it is apparent that all genotypes are 
not equally variable. The genotypes with the larger means also have the 
larger variances. This is equally true for the parents. The relationship is 
not so close for the number of spikes per plant, height, and length of awn, 
but it does exist. 
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The comparison between the parents and Fi plants furnishes additional 
evidence. In this study the mean weight per plant of the B i parent was 
1.5 grams and the variance 1.379, for the Brachytic parent was 4.3 grams 
and the variance 6.219 and for the Fi the mean was 5.6 grams and the 
variance 10.526. 

It seems advisable to determine whether genotypes having means of simi¬ 
lar magnitude have variances of different magnitudes. The means of the 
Brbr segregates for all four quantitative characters are similar to the means 
of the BrBr segregates. To ascertain whether differences in variability ex¬ 
isted, the variances were obtained for all of the Brbr and BrBr segregates. 
Fisher’s Z test (1934, p. 216) was applied. It was found that the variance 
for the BrBr plants was larger than the variance for the Brbr segregates 
for number of spikes and length of awn. The values obtained by dividing Z 
by its standard error were 2,260 and 2.624 respectively. It appears that all 
genotypes do not have the same variance even though their means may be 
of similar magnitude. 

These results make it apparent that in studies such as this, erroneous 
conclusions are likely to be drawn in estimating the residual genic varia¬ 
bility, by use of parental data as an absolute measure of environmental 
variation, as the amount of variation due to the environment is not the 
same for all genotypes. 

THE NATURE OP THE INTERACTION BETWEEN THE GENES AFFECTING 
WEIGHT OF SEED PER PLANT AND THE ENVIRONMENT 

It was found that in general the genes more favorable to higher yields 
of seed per plant gave still higher absolute yields in comparison with their 
alleles when in combination with high yielding genotypes than when in 
combination with low yielding genotypes. This raises the question as to 
whether the same relationship might not exist in a comparison involving 
different environments. 

To obtain evidence the population for each of the nine genotypes was 
divided into three levels of yield by the use of the normal curve. The 
levels thus established within reasonable limits gave the same number of 
individuals in each class. This method of division does not eliminate the 
residual genic variability as genes not closely linked and those inherited 
independently of those identified in this study would have an effect as 
well as environmental conditions. Thus some of the plants falling in the 
upper 1/3 may be in that range partially because of favorable genes. An 
estimate of the importance of the effect of the residual genic variability can 
be obtained by a comparison of the weight of seed per plant for the parents 
and the F2 segregates of the same genotype. The comparison is given in 
table 3. The B i parent {WBrBr) yielded 2 grams less than the F2 plants 
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of the genotype VVBrBr and the Brachytic parent {whrhr) yielded .5 of a 
gram less than the F2 plants of the genotype vvhrbr, P'rom table 10, it can 
be seen that the range in yields of any one genotype for the different levels 
is considerably greater than the above. Therefore, from these data it ap¬ 
pears that the environment played the most important part in determin¬ 
ing into which level of yield a plant of a given genotype would fall. 

The three levels of weight of seed per plant are listed in table 10. The 
difference between combinations of Vv and the differences between the 
combinations of Brbr are listed in table 11. As in all the previous studies 
these comparisons include the effect upon weight of seed per plant of the 
genes linked with ]"v and Brbr as well as the effect of these genes them¬ 
selves. The completeness with whirh the effect of the linked genes is meas- 


'Pabi r 10 

Weij'ht of seel per plant of the different genotypes for three levels of yield 


r»tMn \PK 


ClFNOTTiPK 


L>nFL OF VIKLD 


MIDDLK LOWBR 


Vul|;are normal 

{vvHrHr) 

12 I 

7 2 

3-2 

\ ulgnrc* normal 

{vvBrhr) 

L-i 5 

7 9 

4 I 

Vulgare hrurhytu 

(whrhr) 

0 0 

4 4 

2 I 

I >(;ficiens normal 

(VvBrBr) 

7 

5 2 

2 3 

Deflcien.v normal 

(VvBrhr) 

S I 

4.Q 

2.3 

I H'tkiens brachs tir 

(1 'vhrhr) 

4 5 

2 4 

I I 

Delaicns normal 

(VVBrBr) 

0 g 

3 9 

1.4 

T')erK*iens normal 

(VVBrhr) 

() 8 

4 I 

2.2 

Dcficicns brachytic 

(VVbrbr) 

8 3 

1.9 

•7 


ured depends of course upon the closeness of the linkage relationship. It is 
apparent from table 11 that, with the possible exception of BrBr compared 
with Brbr in combination with TF, the more favorable the environmental 
conditions the greater in absolute values the spread between the genes 
more favorable to yield and those less favorable to yield. Also, as noted 
from the previous data, the differences are greater for the higher yielding 
genotypes. 

DISCUSSION AND CONCLUSIONS 

Recently geneticists have become interested in the nature of the inter¬ 
action of factors governing the inheritance of quantitative characters. Of 
interest in this respect is Rasmusson’s (1935) interaction hypothesis which 
assumes “that the effect of each factor on the genotype is dependent upon 
all the other factors present, the visible effect of a certain factor being 
smaller the greater the number of factors acting in the same direction.” 
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Rasmusson found support for his hypothesis in a study on the interaction 
of factors governing early and late maturity in Pisum. Powers (1934) in 
studying the inheritance of habit of growth in Triticum obtained results 
which would support this hypothesis also. However, the nature of the in¬ 
teraction of the factors affecting weight of seed per plant, number of spikes 
per plant, height of plant and length of awn was, generally speaking, quite 
the reverse of that expected on the above hypothesis in that the effect of 
certain factors was not smaller the greater the number acting in a cer¬ 
tain direction. 

Table ii 




Differences in 

weight of seed per plant for 

three lei^eh of yield. 






LKVELH OK ^ IVLl) 



aENt»TYJ’E 

— ..- 

----- - - — - 

— * - 




ri'i'ER 

MIUDLK 

LOWLH 

w 

VS. 

Vv (BrBr) 

i 4 

2 0 

Q 

w 

VS. 

VV (Brfir) 

5 2 

3 3 

1 8 

Vv 

VS 

VV (BrBr) 

I 8 

J 3 

Q 

vv 

VS 

Vv {Brbr) 

5 4 

0 

1 8 

tw 

VS. 

VV {Brbr) 

6 7 

3 S 

I .y 

Vv 

VS. 

VV {Brl>r) 

1-8 

8 

. i 

vv 

vs. 

Vv {brbr) 

2.4 

2.0 

1.0 

vv 

vs. 

VV {brbr) 


2 8 

1.4 

Vv 

vs. 

VV {brbr) 

1.2 

.8 

■4 

BrBr 

vs. 

Brbr {vv) 

-1.4 

-.7 

- .g 

BrBr 

vs. 

brbr {vv) 

5-2 

2.8 

I. I 

Brbr 

vs. 

brbr {vv) 

0 6 

3 5 

2.0 

BrBr 

vs. 

Brbr {Vv) 

.6 

.3 

.0 

BrBr 

vs. 

brbr {Vv) 

4 2 

2.8 

1 2 

Brbr 

vs. 

brbr (Fv) 

3-0 

2.5 

1.2 

BrBr 

vs. 

Brbr {VV) 


— .2 

-.8 

BrBr 

vs. 

brbr {VV) 

3 

2.3 

.7 

Brbr 

vs. 

brbr {VV) 

3.5 

2.5 

>•5 


The logical conclusion to be drawn from these data is that the nature 
of the interaction of the genes affecting the quantitative characters is suffi¬ 
ciently variable to render any hypothesis of doubtful value as a means of 
prediction. From our more extensive knowledge of the interaction of fac¬ 
tors governing the inheritance of quantitative characters it is not surpris¬ 
ing that this is the case. In fact, Brink (1934) found that the interaction 
of factors governing anthocyanin plant colors in maize was such that plants 
of the genotypes AhPl and ABpl averaged higher in dry weight of ears per 
plant than did plants of the genotypes ABPl and Abpl. It seems from these 
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results and others reported here that the nature of the interaction of fac¬ 
tors affecting quantitative characters is sufficiently variable to require ex¬ 
tensive genetic studies involving a large variety of characters and organ¬ 
isms before a hypothesis of much value for prediction purposes can be 
formulated and then it may be expected to be rather limited in application. 

East (1935) develops a concept concerning genes that is useful in the 
interpretation of any studies on quantitative inheritance. He divides gene 
mutations into two broad classes: physiological defectives and physiolog¬ 
ical non-defectives. These are discussed in connection with the bearing 
that they have upon evolution. Physiological defective gene mutations 
comprise the great bulk of those found in the genetic laboratory, usually 
arc recessive to the wild type and cause restrictions in the physiological 
processes in which they are involved. This would mean that they may have 
both quantitative and qualitative effects and are easily detectable. Be¬ 
cause of the comparative ease with which they are detected the effect must 
be pronounced. The non-defective gene mutations are frequent in nature 
but arc difficult to detect individually and may show either an approach 
to dominance or to recessiveness. The effect of any one gene resulting as a 
non-defective mutation must be small. 

The importance of this conception of the two broad types of gene muta¬ 
tions for a better understanding of the genes differentiating quantitative 
characters is obvious. It can be expected that the characters depending 
upon physiological defective genes for their expression will be differen¬ 
tiated from their alleles by comparatively few factor pairs; whereas, larger 
differences involving non-defectivc genes would be expected to be differ¬ 
entiated by a large number of gene pairs, because as is pointed out by East 
(iQ3S) the effect of any one pair of non-defective genes is small. 

The results from the present study offer some evidence for the concep¬ 
tion that genes having an effect upon quantitative characters may be 
grouped into the classes noted above. The brhr genes which cause brachytic 
habit of growth would certainly be classed as physiological defective, as 
would the VV genes which produce dejiciens type of spike. Plants possess¬ 
ing VV genes do not have kernels developed in the rudimentary lateral 
florets. The heterozygote Vv approaches the dejiciens parent in that no 
lateral grains arc produced, but it is distinguishable from the VV homo¬ 
zygote in that the lateral florets although rudimentary are noticeably de¬ 
veloped. Undoubtedly the effects of the Brbr and Vv genes are both quanti¬ 
tative and qualitative. The genes affecting the four quantitative charac¬ 
ters and associated with color of glume are of the non-defective type. In 
heterosis at least two factor pairs are necessary to account for the increases 
noted in the heterozygote, since the differences between the two homo¬ 
zygotes are not statistically significant (table 2). It seems highly probable 
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that even larger numbers of factor pairs than these are dng to produce 

the results obtained. For all four characters the Vv plan.. eeded the VV 
plants. Again the most probable explanation seems to b t a number of 
partially dominant linked factors are responsible for i fferences be¬ 
tween the two genotypes. As regards the genes associa th color of 
glumes, the effect of any one factor pair must necessarily all, and as 
East (1935) has pointed out such small differences are dif detect. 

Robertson and Austin (1936) studied homozygous am./t ’ -irozygous 
green plants of Uordeum vulgare from families segregating ^ Ihe single 
factor pairs XeXe and A^Qc and found statistically significant 4 j ences in 
favor of the he?;erozygous plants for the following character average 
length of head, total number of grains per plant, and total wei;" grain 
per plant. Again the differences were small and may be due to a)n t* of 
physiologically non-defective genes. The residual genic variabi;! noted 
in the study reported in this article is due probably to factors oirt' same 
nature (non-defective) as the writer failed to find any qualitative pres- 
sion of them. That these genes did not react alike in all genotyt «was 
shown by the fact that greater increases in weight of seed per pla-j ^ ere 
obtained when combined in plants of the genotype VVBrBr thaii m 
combined in plants of the genotype vvbrbr. These results show that. > \ 

groups of genes—physiological defective and non-defective—do not 
sarily react alike in all genotypes. ^ 

It should be pointed out that the terms physiological defective and in 
defective are used by East in reference to gene mutations, but it is app^ 
ent that his theorems are important in a study of the inheritance of quanti¬ 
tative characters. Undoubtedly these two classes grade into each other and 
exceptions exist, but this does not vitiate the value of such a classificatior 
It is apparent that the above conception is very useful to the workers in 
the field of applied genetics. Rapid strides can be made by the breeder 
when dealing with the physiological defective genes, whereas, when non¬ 
defective genes are involved, the advantage gained by recombining sev¬ 
eral desirable factor pairs may be expected to be small and the progeny 
possessing them difficult to select because of the limited number in large 
populations. This does not mean that the non-defective genes are not im¬ 
portant in a breeding program, but only that they are more difficult to 
work with. 

SUMMARY 

1. A method involving the analysis of variance and co-variance was used 
in reducing the data. 

2. The nature of the interactions of genes was such that no general rule 
coidd be drawn. However, with one exception, which was not well estab- 
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lished stati the genes favorable to high weight of seed per plant 

gave as gr&^o t^irgreater differences over their alleles in combination with 
genes for yield than they did in combination with genes for lower 

yield. Thfij " general behavior was noted for the genes affecting number 
of spikel7/^[ tejplant, height of plant, and length of awn, but cases were 
found ianwkilh plants of a given genotype surpassed plants possessing their 
alleles combinations and were surpassed by plants possessing iden¬ 
tic Jm other combinations. 

•i;enic variability not associated with any of the three chromo- 
sor, ps identified by genes having qualitative effects was found to 

givf ater increased weight of seed per plant when n combination with 

VV than when in combination with vvbrbr. Here, again, is proof of a 
chT .e in the interaction of factors. 

^ was found that genotypes affecting the same character may have 
dit t variances even though their means may be of similar magnitude. 

t was found that the more favorable the environmental conditions 
tl eater in absolute values would be the spread between the genes more 
f able to yield and those less favorable to yield. 

The nature of the interaction of the factors affecting weight of seed 
plant, number of spikes per plant, height of plant, and length of awn 
- s generally speaking quite the reverse of Rasmusson’s interaction-hy- 
p‘thesis which assumes that the visible effect of a certain factor is smaller 
t le greater the number of factors acting in the same direction. 

7. The genes affecting the four quantitative characters are grouped into 
physiological defective and non-defective according to East\s (1935) 
terminology and the data offer some evidence in favor of his conception 
as to the nature of the effects of these genes. Both classes of genes showed 
that they necessarily did not give the same type of interaction in all geno¬ 
types. 
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INTRODUC TrON 

T he unusual behavior of the chromosomes in Sciara has been studied 
in considerable detail both cytologically and genetically. Although 
the main facts regarding the di'tribution and behavior of the chromo¬ 
somes (as revealed by cytological examination), have been known for some 
time, the genetic data have been incomplete because of the paucity of 
mutant characters with which to follow the history of the individual 
chromosomes in any one species. The present paper is designed to supply 
additional genetic data derived from an intensive study of Sciara copro- 
phila Lintner, over a period of five years. Because of the great difficulty 
of securing mutant characters in Sciara, only a few have been obtained, 
even with the aid of X-rays, and some of these are unsatisfactory. Even 
the latter have been included, however, in order to make the account as 
complete as possible. The main results of this study were presented by 
Smith (1932) but publication of the present account has been delajed in 
the hope of securing more and better characters - a hope that has not been 
realized. 

Previous genetic studies on this species have dealt with one pair of auto- 
somes (Metz 1927, truncate wings), and the sex chromosomes (Metz, 
Ullian, Sc'HMiTCK, Smith 1929 31). The new characters considered here 
make it possible to present the essential facts concerning the behavior of 
the remaining pairs of autosomes, as well as additional data concerning 
the first pair. 

Before analyzing the genetic results in detail, it is necessary to review 
briefly certain aspects of chromosome behavior in Sciara. One feature of 
importance is the difference in chromosome number between the two sexes, 
and between the soma and germ line in each sex (Metz 1931). These dif¬ 
ferences are brought about by a process of chromosome elimination during 
cleavage in the developing egg (DuBois 1932). The typical number of 
chromosomes in somatic groups is eight in the female (one pair of V’s, 
three pairs of rods); and seven in the male (one pair of V\s, two pairs of 
rods, one single rod). I'hese are shown in figure la and ib. The male group 
is similar to the female group but lacks one rod, presumably a .sex chromo¬ 
some. There are present in the germ-line of both sexes, one, two, or three 
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additional chromosomes which are longer and thicker than the ordinary 
chromosomes. These are termed the “limited^’ chromosomes (fig. ic), 
(Metz 1931, Metz and Schmuck 1931). Since they are found only in the 
germ-line, they cannot be studied by means of somatic characters and con¬ 
sequently will not be considered in this account. The evidence indicates, 
however, that these chromosomes are relatively empty of genes (Metz 
1929), and that they are not true sex chromosomes. 

Another phenomenon of special significance in the present study is the 
occurrence of a ‘‘monocentric’^ mitosis at the first spermatocyte division 
(Metz 1926, Metz, Moses and Hoppe 1926, Metz 1933). This mitosis 
is accompanied by a selective segregation of chromosomes. During pro¬ 
phase at this division, the chromosomes are distributed at random through¬ 
out the nucleus. Although the chromosomes are present in pairs, no evi¬ 
dence of synapsis has been observed at any stage of spermatogenesis. A 
half spindle is formed with a single pole to which all the chromosomes are 
attached by “spindle fibres.” Subsequently, without forming an equatorial 





Figure i. Diagrams showing chromosome groups in (a) female somatic cell, (b) male somatic 
cell, (c) germ-line of both sexes with “limited” chromosomes. In somatic cells the chromosomes 
are associated in pairs, while in oogonia and spermatogonia they are not. 

plate, they move directly into anaphase. Both of the “limited” chromo¬ 
somes go regularly toward the pole, but the others segregate in such a way 
that one member of each pair goes toward the visible pole and the other 
away from it, despite the fact that the “spindle fibres” of all extend toward 
the pole. 

When the four retreating chromosomes reach the periphery of the cell, 
they are deflected in their course, a.s if the cell wall were a mechanical 
barrier, and eventually they come together in a group opposite the pole. 
Later they are extruded in a bud resembling a polar body, and take no 
further part in development. From the cytological evidence, it is clear that 
the chromosomes are distributed here in a definite and regular way, so that 
one group is left in the functional cell, and the other is discarded. The ques¬ 
tion now arises as to which chromosomes are retained and which are cast 
off, and what is the nature of the forces operating to produce this result. 

The first evidence bearing on the problem was obtained through a study 
of the character “truncate wings” in Sciara coprophila (Metz 1927). Trun¬ 
cate is a recessive autosomal character, somewhat similar in appearance 
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flies that have hatched. Although the culture method is by no means per¬ 
fect as yet, it is adequate and reliable for present purposes. 

3. Temperature conditions 

Sciara is resistant to cold; the only effect of low temperature seems to 
be a retardation of the rate of development. The larvae are very sensitive 
to heat, however, and 2(fC is lethal if maintained more than a short time. 
Higher temperatures are immediately lethal. In the laboratory the cul¬ 
tures are kept in an incubator with a temperature range of 22°--24®C. 
Moisture conditions are regulated by placing a large flat pan of water on 
the lowest shelf in front of an electric fan which is in continuous operation. 
Under these conditions the life cycle of S. coprophila occupies about a 
month, divided approximately as follows: egg stage 5-6 days; larva i4”i5 
days; pupa 3 4 days; adult 5- 8 days. Twelve to fourteen successive genera¬ 
tions may be grown in the course of a year. 

4. Breeding technique 

The type of inheritance found in Sciara necessitates certain variations 
from the usual breeding technique employed with other animals. S, copro¬ 
phila is “monogenic,” individual females typically giving “unisexual” prog¬ 
enies. (One bisexual line arose as a mutation (Metz 1931) and is being 
studied). Occasionally there will be one or more “exceptional” males in a 
female progeny, or “exceptional” females in a male progeny, in which case 
sib matings can be made, but usually such inbreeding is not possible and 
it cannot be relied on as a method of studying linkage. The precise methods 
employed will be given more fully in the section on linkage. 

In maintaining mutant stocks in the laboratory it has not proved feasi¬ 
ble to combine several characters in one stock as is done in Drosophila 
work. When this has been attempted, the stocks have lost viability, despite 
every care. For this reason pedigreed stocks of each line have been kept. 
In practically all the work pair matings are used in maintaining stocks, 
mutant females being out-crossed to wild type males from a wild stock 
every generation to keep the lines viable. Even with these precautions the 
rnutant stocks frequently show poor viability. The wild stocks also show 
considerable variation in this respect. These fluctuations do not appear to 
be related to any immediate environmental effect, for it rarely happens 
that more than one stock is in poor condition at a given time, although all 
the flies are kept under the same conditions. Likewise fluctuations in via¬ 
bility are not usually associated with seasonal changes. 

GENERAL ACCOUNT OF THE MUTANT CHARACTERS AND THEIR OCCURRENCE 

It is exceedingly difficult to secure satisfactory mutant characters in 
Sciara. This is due in part to the remarkable resistance to radiation shown 
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by these flies, and in part to the physical characteristics which conceal all 
except the most obvious changes. Furthermore, the type of inheritance in 
this species tends to conceal recessive characters because the progenies 
are essentially unisexual and consequently sib matings are rare. Finally, 
the selective segregation occurring in the male prevents the transmission 
of paternal characters through the male line. 

The normal rate of appearance of mutant characters in nature is very 
low, as witnessed by the fact that in hundreds of cultures of Sciara copra- 
phila derived from five diflferent localities and cultivated in the laboratory 
for a number of years in both pair matings and mass matings, only three 
mutant characters were found prior to 1930. All of these were recessives; 
two were sex-linked (swollen and narrow) and one was autosomal (trun¬ 
cate). During the course of the present study, two more sex-linked reces¬ 
sive characters (miniature and round) and two more autosomal characters 
(Delta, a dominant; oval, a recessive) have arisen spontaneously. Other 
mutant characters may have been spontaneous in origin, but since they 
came from lines subjected to X-ray treatments this cannot be concluded 
with certainty. 

In an effort to increase the mutation rate, adult flies of both sexes were 
X-rayed. The treatments were given at the Department of Genetics, 
Carnegie Institution of Washington, Cold Spring Harbor, New York, and 
at the Marine Biological Laboratory, Woods Hole, Massachusetts. In all 
cases a tungsten target was used and a i mm aluminum filter for intercept¬ 
ing the soft rays. In the work done at Cold Spring Harbor the dosage was 
determined by means of a Victorecn Dosimeter, while at Woods Hole 
mathematical calculation was employed. 

Sciara is able to withstand very high dosages of X-rays as compared 
with most other organisms, and shows no effect from dosages commonly 
employed in Drosophila work (1,000 to 5,000 r units). The range of treat¬ 
ments found to be effective was from 7,000 to 20,000 r units. It is not cer¬ 
tain that the X-ray treatments actually induced the mutations. However, 
mutations did occur in cultures that had been treated. 

It is usually assumed that it is not profitable to work with dosages which 
produce greater than 50 percent sterility, but in a form in which mutation 
is rare and which is relatively resistant to artificial means of producing 
mutant characters, it is feasible to use dosages which cause complete steril¬ 
ity in as many as 70 percent of the cases. The percentage of sterility pro¬ 
duced is extremely variable from time to time, even when the X-ray treat¬ 
ment is essentially the same and the flies are similar. 

Although some of the mutant characters came from treated cultures, the 
genetic data make it seem probable that these as well as the other muta¬ 
tions represent actual gene changes rather than chromosome abnormal!- 
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ties. The origin and history of each will be taken up in chronological order. 

Each new mutant character was tested with respect to constancy, selec¬ 
tive segregation and linkage. All the new characters described here are 
dominant wing peculiarities. One was found by Mrs. C. S. Maurice, the 
remaining five by the writer. Their characteristics may be readily observed 
by examination of the photographs and comparison with the wild type 
wing shown in figure 3a. 

In describing variations from the wild type, the terminology of wing 
venation used by Johannsen (1909) is followed (fig. 2). 



Fir.iTR!., 2 Diagram after Johannsen, showing Sciara wing venation. 

humeral cross-vein at base of wing posterior branch of media 

R = radius (.'u —cubitus 

Ri = first branch of radius Cui*=anterior branch of cubitus 

R«»posterior branch of radius ('U2~posterior branch of cubitus 

M « media A ~ anal vein 

anterior branch of media r—m = radio-median cross vein 

Ri — R*=cross branch of radius. 


I. Curly 

a. Origin. Curly is an autosomal dominant, found April 15, ig.^o in a 
single Fj female from X-rayed -h male. Since the character is a dominant, 
it is probable that it would have appeared earlier had it been the result 
of the X-ray treatments. 

h. Description. The wing appears to have expanded normally and then 
become curled forward from the posterior end of the wing toward the head 
(fig. 3b). It is extremely variable, ranging from a barely perceptible bend 
in the wing to an extremely tight curl. There is no irregularity of venation 
or unusual pigmentation. If the curl is very extreme, the wing appears to 
be distorted and can be flattened out only with effort. This sometimes 
makes classification difficult when crosses are made involving other wing 
characters. 

c. Occurrence. Not only is Curly variable in appearance, but it is incon¬ 
stant as well; it does not always show when the gene is present. In a series 
of tests crossing virgin females heterozygous for Curly to wild type males 
from stock, the progeny from 322 pair matings were: 17,371 wild type and 
8,161 Curly. That is to say, of 25,532 offspring 68 percent were wild-type 



Figure 3. Photographs of Sciara showing: 

(a) normal or wild-type wing 

(b) Curly fly, whole mount 

(c) Blister wing 

(d) Delta wing 

(e) Fused wing 

(f) Dash wing 

(g) Varied wing 

All photographs X35 except (b) which is Xs 
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and 32 percent were Curly. This deviates widely from the i: i ratio which 
would be expected if the character were constant and of normal viability. 

In a test involving 467 flies (the total progeny of four pair matings tested 
in another connection) Curly was found to be concealed when actually 
present in 17,7 percent of the flies. This fact must be taken into account 
in analyzing linkage values. 

d. Genetic behavior of the males. Since Curly is inconstant, the transmis¬ 
sion of maternal characters through the male is correspondingly obscured. 
From 18 tests in which a wild type female from stock was mated to a Curly 
male (the son of a Curly mother), 709 wild type and 519 Curly offspring 
arose, whereas, all the flies would have been Curly if the character were 
constant, ("urly was concealed in more than 57 percent of the offspring. 
In four of these eighteen cases, the progeny were tested further: of the 80 
apparently wild-type flies (save 13 which were infertile) each gave some 
Curly offspring, showing that all the wild type flies were genetically Curly. 

From 2Q tests of C'urly males which had inherited the character from 
their fathers, all of the offspring were wnld type except three questionable 
flies. One of these appeared to be Curly, but on testing was found to be 
wild type; the other two had rumpled wnngs and may possibly have been 
Curly, but w^re not tested. In stock cultures flies appear occasionally 
w^hich have rumpled wings but which on breeding prove to be wild type, 
and since this wing characteristic is transitory, it is probably an environ¬ 
mental effect. It is probable that the two flies not tested belong Uj this 
class. In any case the usual genetic behavior of the Curly male is typical. 

2. Blister 

a. Origin. Blister is a dominant autosomal character which appeared 
first May 12, 1930 in a single F2 female from X-rayed wdld type grand 
parents. If the character arose as the result of the X-ray treatments it 
must have been due to some latent effect, since the character, although a 
dominant, did not appear until the second generation after treatment. 

b. Description. Blister appears as a large bubble in the general area of 
the posterior branching of the media vein (fig. 3c). In figure 2 this area is 
represented as the juncture of the media vein with M1+2 and M3. It looks 
as if the wing had failed to expand normally and that an excess of liquid 
had collected to form this blister-like structure. The wings of any one fly 
are approximately symmetrical, although the size of the blister is some¬ 
what variable. Often the whole wing is much shrunken and distorted. 
There is no abnormality of pigmentation and no irregularity of venation. 
The size of the blister varies greatly in different flies. In the extreme form 
the whole middle portion of the wing is involved and is pulled out of shape, 
but in other cases the blister may be so slight that it produces only a swell- 
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ing of the media vein at the point of origin of the anterior and posterior 
branches. In this form it is very similar to the mutation Delta. 

c. Occurrence. Blister flies are of good viability and give large progenies. 
29 heterozygous Blister virgin females crossed individually to+males from 
stock gave 1,013-hand 846 Blister. Fifteen additional matings between 
heterozygous Blister females and their own Blister brothers gave 486+ and 
411 Blister flies. Summarizing the results: 44 heterozygous females gave 
1,499+and 1,257 Blister flies, or a proportion of about 54 percent+to 45 
percent Blister. The deficiency of the Blister class probably indicates a 
lower viability of the mutant flies, for on the whole the average is not far 
from the expected i: i ratio. 

Blister is constant and is manifest when present, as shown by the ratios 
and by tests of 31 wild type sisters of Blister. The latter produced a total 
of 4,547 flies, of which only three were noted as questionable. One of these 
was tested and found to be wild type; the other two were not tested. 

d. Genetic behavior of the males. Blister males derived from Blister 
mothers transmit the character as if they themselves were homozygous 
for the mutant gene. In 18 crosses of wild type virgin females by Blister 
males of the above type, there were 1,548 offspring all Blister. 

On the other hand. Blister males which inherit the character from their 
fathers do not transmit it. Nineteen such males were tested by crossing to 
wild-type virgin females from stock. The total offspring were 1,525 wild 
type, and i questionable fly which was infertile. 

3. Delta 

a. Origin. Delta is an autosomal dominant character which was found 
June 6, 1930. It appeared simultaneously in several flies of a mass culture 
from pure stock of the “bisexual” line and had no history of X-ray treat¬ 
ment. 

b. Description. Distinguishing features are relatively constant (fig. 3d). 
Of these, the more obvious one is the swelling of the juncture of the media 
vein with its anterior and posterior branches (fig. 2). The other feature 
is the thickening of the marginal ends of the veins termed Cui, Cu2, 
Mi+ 2, and Ms. 1 Sometimes the small cross-vein (Ri —R.) is thickened 
noticeably. Delta is quite variable in appearance, ranging from a barely 
perceptible swelling of the regions designated above to a distorted, blis¬ 
tered wing, indistinguishable from the character Blister. 

c. Occurrence. From 25 tests of heterozygous Delta females crossed to 
wild type males from stock, the total offspring were 1,283-1-and i,i72Delta 
flies. In addition, from 26 heterozygous Delta females crossed to wild type 
or Delta brothers which would be expected to breed pure for wild type 
the offspring were 1,153 wild-type and 954 Delta. Summarizing: 51 mat- 
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ings of heterozygous Delta females gave a total of 2,436+and 2,126 Delta 
flies, or approximately 53 percent+to 46 percent Delta. The mutant class 
showed poorer viability than the wild type. 

On the whole the character is constant, although occasionally a fly that 
appears to be wild type is found to carry Delta. Eighteen wild type sisters 
of Delta females were tested in this connection. Of these, one gave a pro¬ 
geny of 167 wild type flies and one questionable fly which was dead when 
found. Another female gave a progeny of 142 wild type and 9 questionable 
flies, which when tested further were found to be actually Delta. The re¬ 
maining 16 females gave only wild type offspring. 

d. Genetic behavior of the males. Transmission of the character through 
the male line is typical of the usual inheritance found in Sciara; males 
transmit to their offspring only the genes derived from their mothers. From 
10 Delta males crossed to wild type virgin females from stock. Delta being 
maternal in origin, only Delta offspring arose. Nine Delta males were 
tested which had inherited the character from their fathers; all gave only 
wild type offspring. 

4. Fused 

a. Origin. Fused is a dominant autosomal character which first appeared 
in a single female September 8,1931. This fly was the daughter of a female 
which had received an X-ray treatment of 20,000 r units. 

b. Description. The most distinctive feature of this character is *^he ir¬ 
regular fusion of the anterior and posterior branches of the cubitus vein 
(fig. 3e). This is always present, although the amount of fusion varies. 
The media vein is slightly irregular and appears to be the result of a puck¬ 
ering of the wing toward the lower margin, occasioned by the fusion of 
veins in that area. There may be a general increase in the amount of pig¬ 
mentation of the whole wing, especially in the region anterior to the pos¬ 
terior branch of the radius vein (R,) but this is not always present. The 
cross-vein (Ri —R,) may be markedly thickened. In a given fly, the wings 
are essentially symmetrical. 

c. Occurrence. Fused flies are prolific and the character is constant. 
Heterozygous females, when crossed to wild type males from stock give 
offspring that closely approximate a i: i ratio. Twenty-two pair matings 
of this type gave 1,327+and 1,410 Fused flies, a ratio of approximately 48+ 
to 51 Fused. The fact that the mutant class is larger than the wild type 
shows the excellent viability of the mutant flies. 

To test the constancy of the character, nineteen virgin wild type sisters 
of Fused females were crossed to wild type males from stock. These gave 
only wild type offspring. 

An additional test was made by crossing ten wild type sisters of Fused 
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which were not certainly virgin (they might have mated with their wild 
type brother) by wild type males from stock. Nine of these gave only wild 
type offspring. The tenth gave only Fused offspring: i female and 88 
males. To determine the source of Fused in these males, some were tested 
further; they were found to breed true for wild type. Since it is known that 
the males transmit only the characters derived from their mothers and 
these males gave only wild type offspring it is to be concluded that Fused 
was derived from the father, and that it was the father rather than the 
mother which was genetically Fused while appearing to be wild type. Ap¬ 
parently Fused is not often concealed for in the tests thus far made this 
is the only exceptional case. 

d. Genetic behavior of the males. The genetic results of tests of Fused 
males are similar to the results obtained with other mutant characters. 
From 37 cases in which a wild t)T)c female from stock was crossed to a 
Fused male which had derived Fused from his mother, the offspring were 
Fused without a single exception. Likewise in 36 counts in which a wild 
type female was crossed to a Fused male that had received the character 
from his father, all of the offspring were wild type. Again the males arc 
shown to breed as if homozygous for characters of maternal origin. 

5. Dash 

a. Origin, Dash is an autosomal dominant character which first ap¬ 
peared October 3, 1931. The first fly was a male, the son of a female which 
had been treated with 20,000 r units of X-rays. This male was mated suc¬ 
cessively to four different females and all the offspring showed the char¬ 
acter. In view of further tests with this character and its transmission 
through the male, there can be no doubt that the mutant gene was derived 
from the female parent. 

b. Description, The most obvious and constant characteristic is the pres¬ 
ence of a very pronounced structure between the anterior and posterior 
branches of the cubitus vein (fig. 3f). This resembles the usual wing veins 
in color and in sharpness of outline. Its direction of slope is downward from 
the posterior branch of the cubitus vein toward the anterior branch. The 
spot is elongate and slender, variable in size, and sometimes attached at 
one end to the posterior branch of the cubitus vein, in which case it gives 
the appearance of an extra vein. More often it exists as a separate struc¬ 
ture lying between the two veins. 

Occasionally, the character is more extreme for several generations, due 
perhaps to the presence of undetected modifiers. This variation is charac¬ 
terized by the presence of numerous scattered blobs of pigment, suggesting 
the character Varied. Despite the altered appearance, the spot between the 
two branches of the cubitus vein remains distinct. Usually the Dash wing 
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has a cloudy appearance, with a greater amount of pigmentation in the 
anterior region near the wing margin. 

c. Occurrence. Dash affords no exception to the usual type of inheritance 
found in Sciara. The character is constant and the flies are viable. 23 
crosses of heterozygous Dash females by wild type males from stock, gave 
1,131 +and 1,150 Dash. Seven crosses of heterozygous Dash females by wild 
type brothers (which would breed pure for wild type) gave a total of 282 + 
and 291 Dash offspring. Summarizing: 30 heterozygous females gave 1,413 
wild type and 1,441 Dash flies, about 49 percent of the total being wild 
type and 51 percent Dash—approximately a i: i ratio. 

d. Genetic behavior of the males. Transmission of the character through 
the male differs in no way from that observed previously in Sciara. Twelve 
Dash males which had received the character from their mothers were 
tested; their offspring without a single exception were Dash. Fourteen 
Dash males which had received the character from their fathers were 
tested; their offspring were all wild type. 

6. Varied 

a. Origin. Varied is a dominant, autosomal character which appeared 
first October 14, 1931 in one male, the son of a female which had been 
subjected to 13,000 r units of X-rays. This male was bred to several fe¬ 
males and transmitted the character to all of his daughters and all but 
three of his sons. In view of the usual genetic behavior of Sciara males, 
the fact that practically all the offspring received the character (the three 
exceptional flies probably being Varied since the character has been shown 
to be inconstant), indicates that the mutant gene came originally from the 
treated female. 

b. Description. This character is extremely variable in appearance. Fig¬ 
ure 3g shows a characteristic wing. The chief feature is a general duskiness 
of color accompanied by scattered blobs of material resembling vein frag¬ 
ments. These spots are variable in size, shape, number and location. There 
may be several such fragments, well-distributed over the wing surface, 
or there may be only one, in which case it is usually confined to the re¬ 
gion between the anterior and posterior branches of the cubitus vein. 
Often there is an intermittent fusion of the posterior and the first branches 
of the radius vein, but there is no regularity about this, either as to the 
amount or place of fusion. In its most simple manifestation the character 
looks very much like Dash, described previously. The two wings of a given 
fly are seldom symmetrical, although both wings usually show the same 
degree of modification. 

c. Occurrence. Flies showing the character Varied emerge late in any cul¬ 
ture, after the majority of the wild type flies have hatched. The division 
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of the hatching period into two phases is especially striking in female pro¬ 
genies derived from heterozygous mothers. If the number of offspring is 
small, it frequently happens that only the wild type flies hatch. Eighteen 
heterozygous Varied females crossed to wild type males from stock gave 
1,082-1-and 521 (or 32 percent) Varied. Eleven additional progenies were 
tested and the offspring which appeared to be wild type were tested further 
to determine their genetic constitution. The initial count was: 17 wild t)qje 
(which were dead when found); 68r wild type (which were tested); 255 
Varied. After testing the final result was found to be: 543 wild type and 
410 Varied. The 17 dead flies and the flies which gave no offspring were 
classed as wild type in the final count, weighting the results in the direc¬ 
tion of that class. Even with this possibility of error, 43 percent of the 
total offspring were found to be Varied. Of the 410 Varied flies in the final 
count, 155 (37 percent) had appeared to be wild type before being tested. 

d. Genetic behavior of the males. As in the cases previously described, the 
males transmit only the genes of maternal origin, although Varied does 
not always show when the gene is present. From 25 pair matings (wild 
type virgin females crossed to Varied males from Varied mothers), the 
progeny were 151 wild type and 2,377 Varied. Although most of the off¬ 
spring showed the Varied character as expected, about 6 percent appeared 
to be wild type. The latter were probably genetically Varied. 

In testing the transmission of Varied through males which had derived 
the character from their fathers, 20 pair matings were made. Eighteen 
of these gave only wild type offspring as expected, but the remaining two 
showed unusual behavior. One gave only wild type offspring save for 
three females which appeared to be Varied (not tested). The second gave 
only wild type offspring save for one male which was Varied and which 
was crossed successively to 5 wild type virgin females from wild stock. 
One female gave no offspring. Three females gave female progenies in 
which every fly was Varied, indicating that the Varied male transmitted 
only the character of paternal origin. The remaining female gave 44 Varied 
females and i wild type male. (This male was tested but gave no off¬ 
spring.) Many of the Varied females from these four progenies were tested; 
they gave progenies typical of the usual heterozygous females. Although a 
stock derived from this source was kept in the laboratory for almost two 
years, neither females nor males showed any further tendency to breed 
differently from flies of the regular Varied stock. 

The appearance of these exceptional flies at once suggests contamina¬ 
tion, a possibility which cannot be ruled out completely. However, if con¬ 
tamination had occurred through the entrance of a Varied male (Varied 
of maternal origin) into the cultures, as the results suggest, a larger num¬ 
ber of Varied flies should have appeared. Each progeny consisted of more 
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than loo flies, yet in the first exceptional case only three unusual flies arose, 
and in the second case only one. 

The fact that Varied is inconstant, particularly in male progenies, fur¬ 
ther complicates the situation, but as they stand, the results suggest that 
this exceptional case may have come about as the result of a reverse segre¬ 
gation of chromosomes at the first spermatocyte division, which resulted 
in the retention of the chromosome of paternal origin, rather than the 
chromosome of maternal origin. If so, the male in this instance showed 
reversal of the usual type of inheritance found in Sciara. 

LINKAGE 

The primary purpose of the linkage tests is to identify the different 
chromosomes and to ascertain whether or not they all exhibit the same 
type of segregation. Unfortunately the type of inheritance involved here 
presents certain diftkulties for the study of linkage because it is necessary 
in each case to back-cross individuals of the sex in which crossing over 
occurs. In spite of this difficulty, it is believed that the evidence warrants 
the tentative conclusion that all three autosomes have been identified. 

When the p)resent study was begun, two linkage groups were already 
known, one representing the sex chromsomes and the other representing 
the first pair of autosomes, the latter identified by the character truncate. 
Since none of the new characters was sex-linked, it w^as obvious that they 
did not belong to Group I. 

Since backcrosses of heterozygous males are unsuitable for linkage tests 
because of selective segregation of chromosomes occurring during sperma¬ 
togenesis, such tests had to be made in the manner indicated by the follow¬ 
ing examples. In testing the recessive character truncate with a dominant 
such as Blister, truncate females were crossed to Blister males (from Blis¬ 
ter mothers). The hererozygous daughters were mated to truncate males 
from pure stock and the progeny counted. In testing tw^o dominants to¬ 
gether such as Dash and Blister, Dash females were mated to Blister males 
(from Blister mothers); the heterozygous daughters were outcrossed to 
wild type males from wild stock and the progeny were counted. Reciprocal 
crosses were made in both types of tests. 

The results of the linkage experiments are summarized in table i. Curly 
proved to be the only character representing the second pair of autosomes 
(Group III) and had thus to be used in spite of its inconstancy. 

I. extr. Curly was first crossed with the recessive truncate. The two 
characters did not appear to be linked, but the results were obscured by 
the inconstancy of Curly. Since the required data were important, the 
tests were repeated and all the (Ijuestionable flies were tested further. This 
entailed the testing of all wild type flies for Curly, all truncate flies for 
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Curly, extreme Curly flies for truncate, and shrivelled flies for both trun¬ 
cate and Curly. A small number of weak flies were dead soon after hatching 
and could not be tested further. Some of the flies that were tested proved 
to be infertile. In the final analysis the flies of these two groups were in¬ 
cluded in whatever class they appeared to belong. 

There is no doubt some error in the final calculations due to the fact 
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that the classification of the infertile flies, of necessity, followed the original 
classification given them. This classification was probably correct in many 
cases, but the extent of accuracy cannot be known. There were in this 
group III normal, 105 truncate, 9 Curly, and i fly classed as wild type 
which may have been truncate, (it was classed as shrivelled at first but 
was tested only for Curly). If some of these infertile wild type flies were 
actually Curly, the Curly class would be larger at the expense of the wild 
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type class; and likewise, if some of the infertile truncate flies were Curly, 
the Curly-truncate class would be larger, with a corresponding diminution 
of the truncate class. I'he few infertile Curly flies might have been either 
Curly or Curly-truncate. There were 226 of these questionable flies which 
comprised 11 percent of the total offspring. 

The offspring from 15 pair matings were tested with the results shown 
in table i (i). The total number of flies involved was 2,009, divided ap¬ 
proximately as follows: 25 percent wild type, 23 percent truncate, 29 per¬ 
cent Curly, and 22 percent Curly-truncate. The conclusion seems war¬ 
ranted that Curly and truncate are not linked since each pair mating 
showed a clear division of the progeny into four approximately equal 
classes, even in the tests which had the greatest number of infertile flics. 
Since truncate was previously assigned to the first pair of autosomes, on the 
basis of earlier evidence, Curly can now be regarded as located in the sec¬ 
ond pair of autosomes (Group III), pending further analysis. 

2. CXB, Turning to table i (2), the counts of 35 tests of Curly by 

Blister gave 1,855 which 37 percent were wild type, 25 percent 

Blister, 18 percent Curly, and 17 percent Blister-Curly. Since Curly is 
inconstant, it is evident that a number of flics classed as wild type must 
have been genetically Curly, and likewise a number classed as Blister were 
genetically Blister-Curly. This accounts, at least in part, for the size of the 
wild type and Blister classes as compared with the Curly classes. The 
concentration of the averages into the wild type and Blister classe: does 
not suggest that the characters are linked, for if they were, the Blister 
and Curly classes w^ould be expected to be the largest and the wild type and 
Blister-Curly classes the smallest. This interpretation receives further 
support from the evidence presented in the following paragraph. 

3. BXtr, Table i (3) shows the results of 44 tests of truncate by Blister, 
involving 3,666 flies. Thirty-four of these were shrivelled; the remainder 
were approximately 29 percent wild type, 20 percent truncate, 43 percent 
Blister, and 6 percent Blister-truncate. The most interesting feature here 
is the excessive number of Blister flies. The probable explanation is that 
extreme Blister causes a great distortion of the wing so that the whole 
shape is askew; truncate affects only the shape of the wing; when the two 
characters are present in the same wing, the presence of Blister so alters 
the shape of the wing that truncate is concealed. Furthermore, it is the 
Blister-truncate class which is deficient throughout and the Blister class 
which is in excess. If some of the flies classed as Blister were actually 
Blister-truncate, these two groups would tend to become more nearly 
equal. If the Blister-truncate group represented a crossover class, it 
would be expected that the wild type class also would be small, which is 
not the case. Blister is not linked to either truncate or Curly, so tenta- 
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lively at least, it can be stated that Blister is in the third pair of autosomes 
(Group IV). Thus each pair of autosomes is represented by a character, 
and it remains to be shown in which linkage groups the remaining four 
mutant characters belong. 

4. CXA. Delta was studied first in its relation to Curly with the results 
set forth in table i (4). From 29 pair matings 2,727 offspring arose. Twenty 
nine percent were wild type, 28 percent Delta, 18 percent Curly, and 24 
percent Delta-Curly. Here the Curly and Delta-Curly classes are smaller 
than the wild type and Delta classes. Again it must be emphasized that 
the inconstancy of Curly obscures the true results. If the Curly gene 
were present in some of the wild type and some of the Delta flies, as was 
probably the case, the Curly and Delta-Curly classes would be propor¬ 
tionately increased. This would tend to establish the t: i; 1:1 ratio ex¬ 
pected in characters that are not linked. 

5. AXtr. Delta was next tested with truncate, as shown in table i (5). 
The 3,985 offspring from 35 pair matings were approxmately as follows: 
25 percent wild type, 25 percent truncate, 26 percent Delta, and 22 percent 
Delta-truncate. Twelve shrivelled flies were not included in the above 
averages. The flies showing both mutant characters evidently have a lower 
viability than those of the other classes, for on the average, the Delta- 
truncate class is the smallest. This is probably not due to any difficulty in 
classification, for both characters are definite and easily recognized, even 
when present in the same wing. Truncate and Delta arc relatively constant; 
the percentage of cases in which the characters are concealed is too small to 
explain the deficiency of the Delta-truncate cla.ss on that basis. Further¬ 
more, the three other classes, (wild type, truncate, and Delta) are very 
nearly equal in size and show no undue concentration of flies in any one 
class. In three of the matings the progeny were divided into classes almost 
equal numerically. Evidently Delta and truncate are not linked. 

6. AxB. Having found that Delta was not linked either to Curly 
(Group III) or truncate (Group II) the inference was that it must be 
linked to Blister (Group IV). The proof of this by crossing Blister with 
Delta was difficult, chiefly because the two characters are so similar that a 
double mutant class, if it did arise, would never be distinguishable as such. 
In addition, the extreme Delta wing so closely resembles Blister that a 
classification of these groups could never be accurate. A test to secure the 
information indirectly was made in the following manner. Blister virgin 
females were crossed to Delta males, the sons of a Delta female. (The 
reciprocal test was also made.) From individual female progenies arising 
thus, 26 of the most extreme flies, which might be both Blister and Delta, 
were outcrossed to wild type males from stock. If any of the females were 
Blister-Delta, this should be apparent in the progenies. Without exception, 
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however, there were only two types of offspring from each mating; these 
were either wild type and Blister or wild type and Delta; never were there 
three classes. Such results suggest that the two characters can be combined 
in one fly only with difficulty if at all, and that perhaps they are allelo¬ 
morphs. This impression is further strengthened by the fact that it is 
difficult, if not impossible to get either of these characters in a homozygous 
condition. 

7. BXF. f'ortunately the linkage of Blister and Delta can be shown 
through a study of their respective relationship to another character, 
Fused. The results of crossing Blister with Fused are shown in table i (6) 
The progeny fall into two major classes, Blister and Fused, in almost equal 
numbers. Of the total offspring from 30 pair matings, 46 percent are Blister 
and 46 percent Fused. The cross-over classes are exceedingly small, aver¬ 
aging approximately 3 i)ercent wild type and 4 percent Blister-Fused. Not 
only is the linkage apparent from the averages of all cases, but the same 
type of result is characteristic of each mating throughout the whole series. 
In no case is there a grouping of the progeny into four approximately 
equal classes. 

8. AXF. The results of crossing Delta with P'used are similar to those 
obtained from crossing Blister with Fused. Although the number of tests 
is less and the averages are smaller, the grouping of the progeny into two 
major classes is definite, whether viewed from the standpoint of individual 
matings or of the combined averages. I'he results are given in table 1(7). 
From 13 pair matings the progeny are divided as follows: 6 percent wild 

35 percent Delta, 56 percent FTised, and .9 percent Fused-Delta. 
In some individual matings the Paused and Delta classes are about equal 
numerically, but on the whole the Fused class is considerably larger. This 
probably indicates a poorer viability of Delta. 

9. FXtr. That Fused appears to be linked to both Blister and Delta is fur¬ 
ther supported by the fact that it appears to be independent of both trun¬ 
cate and Curly. The results of the Fused-truncate crosses are given in table 
I (8), the averages for r i pair matings being28 percent wild type, 20 percent 
truncate, 31 percent Fused, and 20 percent P'used-truncate (5 shrivelled 
flies omitted). In some of these matings the truncate and truncate-Fused 
classes are smaller than the wild type and Fused classes, which in turn 
affects the final averages for these groups. Since the results are not typical 
of linkage (if the characters were linked the truncate and Fused classes 
would be expected to predominate), it is probable that the poor viability 
of truncate is responsible. In three of the eleven pair matings, the progeny 
were divided into four classes of almost equal size. 

10. FXC, The final counts of crossing Fused with Curly (table i section 
9) indicate, when the inconstancy of Curly is considered, that the two 
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characters are not linked. From 8 pair matings the count was 32 percent 
wild-type, 15 percent Curly, 34 percent Fused, and 17 percent Fused- 
Curly. Doubtless some of the wild type flies were genetically Curly and 
some of the Fused flies were actually Fused-Curly. In summary it may be 
said that Blister, Delta, and Fused have been shown to be linked and to 
represent the third pair of autosomes (Group IV). 

11. DXB. Dash was crossed to Blister and to Delta with results es¬ 
sentially alike in both cases, again confirming the linkage of Blister and 
Delta. In Table 1(10) the averages of 16 crosses of Dash and Blister are: 
29 percent wild type, 41 percent Blister, 21 percent Dash, and 7 percent 
Blister-Dash. The Dash class is much smaller than either the wild type 
or Blister classes, due probably to poor viability. The small size of the 
double mutant class would suggest linkage were it not for the fact that 
the wild type class (which would be the other cross-over class if this were 
the case) is so large. Probably the flies having two mutant genes were 
extremely weak and many failed to hatch. 

12. DXA. The results of crossing Delta with Dash are given in table 
i(ii). Again the two Dash classes are smaller than the wild type and Delta 
classes but the differences are not as large as in the Dash and Blister crosses. 
The progeny from 10 pair matings arc: 30 percent wild type, 25 percent 
Delta, 22 percent Dash, and 22 percent Delta-Dash. 

Dash could not be tested with Fused because of the similarity of the 
two characters. 

13. DXtr, The characters Dash and truncate were found to be linked. 
Table 1(12) shows that there are only two main classes of progeny, trun¬ 
cate and Dash in the backcrosses. The 701 offspring from 15 pair matings 
are: 34 percent truncate, 62 percent Dash, with the crossover classes rep¬ 
resented by only 2 percent wild type and .8 percent Dash-truncate. Two 
shrivelled flies are not included. On the whole, truncate seems to be less 
viable than Dash, for there arc almost twice as many Dash as truncate 
flies. The truncate class is deficient in the matings where the total number 
of progeny is small. In five of the fifteen matings the progenies are fairly 
large; in these, truncate and Dash are present in about equal numbers. 
The crossover classes are almost non-existent. 

14. DXC. On the basis of the tests described above (ii, 12, and 13) 
Dash was thought to be located in chromosome Group II. To verify this 
conclusion it was tested with Curly. It was anticipated that the two char¬ 
acters would be found to be independent of each other, but since a study 
of the relationship between Dash and Curly would provide additional in¬ 
formation concerning the relationship of truncate and Curly (truncate 
being linked with Dash), the analysis was undertaken in some detail. 

The results of the first tests of Dash and Curly are as follows: 13 cases 
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gave I percent shrivelled, 33 percent wild type, 23 percent Curly, 30 per¬ 
cent Dash, and 10 percent Dash-Curly. Since the inconstancy of Curly 
proved such an obstacle to interpretation of these data, a second test was 
made in which the non-Curly flies from 5 pair matings were tested further. 
The initial count was 7 percent shrivelled, 39 percent wild type, 24 percent 
Curly, 18 percent Dash, and 10 percent Dash-Curly. After testing, however 
the percentages became: 1 percent shrivelled, 24 percent wild type, 24 
percent Curly, 6 percent Dash, and 43 percent Dash-Curly. The infertile 
flies and the dead flies which could not be tested were tabulated in what¬ 
ever class they appeared to belong, thus unavoidably introducing some de¬ 
gree of error. This group comprised 13 percent of the total offspring. In 
the revised count there was an unusually large number of Dash-Curly 
flies, due probably to the presence of unidentified modifiers which affected 
Dash to some extent, causing many Dash wings to resemble also the least 
extreme form of Curly. Since this type of variation frequently occurs and 
since it was present in pure Dash stock at the time these experiments were 
conducted, this explanation seems plausible. 

The results of the second test were analyzed further, omitting all doubt¬ 
ful flies, and considering only the flies of which the true classification was 
known. Of 171 wild type flies tested, 42 percent proved to be genetically 
Curly. Of the 122 Curly flies, 62 percent proved to be Dash-Curly. Cor¬ 
recting the results of the first Dash X Curly experiment on the basis of 
these percentages, (transferring 42 percent of the wild type class to the 
Curly class and 62 percent of the Curly class to the Dash-Curly class) the 
final averages become: 20 percent wild type, 23 percent Curly, 31 percent 
Dash and 24 percent Dash-Curly. The “corrected^’ averages are shown 
table 1(13). 

Although there is some inaccuracy in drawing conclusions from such 
indirect analysis, it seems clear that Curly and Dash are not linked, as the 
wild type and Dash-Curly flies are too numerous to be considered as cross¬ 
over classes. These data also further support the conclusion that Curly is 
not linked to any of the other mutant characters and hence represents 
the only gene thus far identified in the third pair of chromosomes (III). 

15. VXtr. It is impossible to study the linkage of Varied with any char¬ 
acter save the recessive truncate, because Varied has certain features in 
common with all the others and accurate classification of the progenies 
would be impossible. Fortunately the tests of Varied with truncate provide 
all the data needed. As mentioned previously. Varied is not constant; some 
flies in Varied cultures appear to be wild type when they are genetically 
Varied. For this reason, all the flies classed as wild type in the Varied- 
truncate crosses were tested further to verify their classification. In these 
tests, Varied hatched late in every mating; practically all the truncate 
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flies hatched before Varied flics began to hatch. This is typical of the Varied 
cultures in general. 

As shown in table 1(14)1 43 pair matings were studied. In 23 cases there 
were no wild type flies to be tested. Of the 53 wild type flies tested more 
than half were found to be Varied. In the final calculation, among 19 
wild type flies, 5 were known to be wild type, 2 were probably wild type 
but possibly Varied, and the remaining 12 were infertile but were classed 
as wild type because of their appearance. This whole group formed less 
than .6 percent of the total progeny. The Varied-truncate group also was 
exceedingly small, the total number of flies being 18, (less than .6 percent 
of the total progeny). The flies were mainly of two types, truncate and 
Varied, the averages being 57 percent truncate and 40 percent Varied. 
(Only the final averages are shown in table i). It seems evident from these 
results that Varied belongs to the truncate-Dash linkage group (II). 

Among the tests of wild type females from this series of exf>eriments, 
four of the matings gave unusual results. These wild type females, heter¬ 
ozygous for truncate, were outcrossed to wild type males from wild stock 
2567. The progeny which were expected to include only wild type and 
Varied contained some truncate flies as well. Further analysis showed that 
the 2567 stock was contaminated with truncate; the appearance of trun¬ 
cate in these further tests with Varied-truncate was undoubtedly due to 
this factor rather than to any unusual behavior of the Varied and truncate 
lines. 


SUMMARY 

(1) Six new wing characters in Sciara coprophila have been studied, all 
of which are autosomal dominants. 

(2) Each character has been shown to segregate selectively in the male 
so that only characters of maternal origin are transmitted. 

(3) A study of linkage has shown that all (except the “limited ’0 chro¬ 
mosomes have now been identified by means of mutant genes and that 
accordingly the autosomes may be designated as follows: 

Chromosome II—truncate, Dash, Varied 

Chromosome III—Curly 

Chromosome IV—Blister, Delta, Fused 

It is not known which pair of chromosomes corresponds to any particu¬ 
lar linkage group cytologically, except in the case of the sex chromosome. 
Since all of the autosomes are paired in the male soma, it is evident that 
the unpaired chromosome is not an autosome but is the sex chromosome. 

(4) The rate of crossing-over for the autosomes was found to be very 
small, which corresponds to the results obtained previously for the sex 
chromosomes (Metz and Schmuck 1931, Metz and Smith 1931). 
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INTRODUCTION 

T he occurrence of non-random segregation in triplo-IV females of 
Drosophila melanogaster was reported in a preliminary note (Sturt- 
EVANT 1934) of which this is the full account. As there shown, and elabo¬ 
rated below, all the tested fourth chromosomes may be arranged in a series, 
of such a nature that each chromosome will (in a triplo-IV female) pass 
to the haplo-IV pole at meiosis more often than will any chromosome that 
lies above it in the seriation. Expressed in another way, if two chromo¬ 
somes (A and B) are tested against any third chromosome (C), then C will 
“prefer” that one of the other two that lies higher in the series. 

These relations are first described in the case where one of the IV chro¬ 
mosomes concerned carries genes from the X chromosome. The data on 
other triplo-IV females are then presented. An algebraic analysis that leads 
to quantitative predictions is then developed. 

It should be remembered throughout that the relations discussed are 
between whole chromosomes, not individual loci—a circumstance made 
experimentally feasible by the fact that crossing over in this chromosome 
is negligible in frequency. The chromosomes concerned are designated by 
the names of the mutant genes they carry, but these genes are to be re¬ 
garded only as convenient markers, making it possible to follow the be¬ 
havior of the chromosomes concerned. 

DUPLICATION EXPERIMENTS 

1 Males from the stock of scute-lo ( = achaete —2) were X-rayed and 
mated to yellow scute-Di females. There resulted numerous wild type 
daughters, and two that showed some of the characteristics of scute. These 
proved to have two separate modifications of the scute locus added to the 
achaete of the rayed males;theyaredesignatedscute-io— i and scute-io— 2. 
The latter (scute-10— 2) was found to be associated with a reciprocal trans¬ 
location between the X and IV chromosomes. The break in X lies between 
the loci of silver and broad (to the right of the so-called “viability gene” 
of Patterson) ; that in IV lies between the known loci and the spindle 
attachment. Dr. J. Schultz has examined the salivary ^ands of this 

Gekbtxcs ^1: 444 July 1936 
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translocation, and informs me that it is more complex than this, there being 
a second break in IV beyond the loci of the known genes (the piece of X 
being intercalated between the two ends of IV). The two new chromosomes 
(X with left end replaced by IV, left end of X on spindle-attachment of IV) 
may be obtained separately; the present study is based on flies carrying 
the shorter of the two as a duplication: that is, diploids plus left end of X 
on an extra IV spindle attachment. The “normal” X’s of such hyperploids 
carried yellow in the experimental cultures, so that wild type body-color 
served as an index of the presence of the duplicating fragment. 

When such flies (females) were made heterozygous for the “normal” IV 
chromosomes it was found (Sturtevant 1934) that the duplication did 
not segregate at random with respect to these IVs. The two IVs them¬ 
selves pass to opposite poles in 95 percent or more of the eggs (see 
below'); but the duplication regularly shows a preference for one of them. 
To use the same example as previously cited, in the case of females of the 

y 

constitution — dupl crossed with v (not cv^)cf, there resulted 673 
y gvl ' ' 

-f 354 y ey^\ 806 y that is, the duplication passed 

TaBLIv I 

Prrcentaf'f oj in uihirh the scuie-to-i duplication went to the same pole a\ the IV chromosome entered in each 
tolumn keadtnn, when that chromosome wa\ tested aj^ainst the ones indicated in the first column The values entered as probable 
errors are the probable deviations Jrom 50 o percent'—i e ,67 4 S\^i/ 4 n The significance 0 / the various symbols, where these 
are not standard designations for mutant genes, are intiicated in the text and in the heading of table 2 


PRl'KERRFD t'IIR<>M('sOME 

OPPOSED 


CHROMOSOME 

O'* 

\v 

.in'' 

rv" 

ci 

X Cl 


bt 



50 0 


485! I 8 


48 5 ± I 4 



41 4 f I 8 


sv 


50 0 

47 2± I 3 

47 8± I 6 

52 2± 2.5 




43 9* 2 i 

n 

51 St 1.8 

52 8±i 

50.0 

49.1 ± I 8 

51 r± i.o 

47 4± I 2 

43 2 ±0.7 

40,4* 2 0 


ey^ 


52 2± I.<) 

SO g± I 8 

500 



45 of I 2 

39 2f 1 6 

39 5 * I 5 

ci 

51 5 ±1-4 

47.8±2,S 

48 Q± I 0 


50.0 


4ft 9±10 



Xci 



52 6± 1.2 



500 

48 2 ± I 3 



+, y sc uf* 



58.7±* 4 

49 2± 1 9 



47 5±i I 


34 7* I 9 

sv ^ 



S6.8±o 7 

5S o± I 2 

53 I f I 0 

Si.8f 1 3 

50 0 


43 of I 4 

San G 



Si O±i 3 

61 If I 8 



52 7f 2.2 


46.3* 2 I 

4 *, Bham 



60 6± 1,6 

52.6± I S 



57 6± I 7 


51.3*1 3 

bt 

s8 6±i8 


59 6± a 0 

60.8 ±1.6 




50 0 

44.0* 1.2 

efi 


56 * i 2-4 


60 S± I 5 



57 of I 4 

56 of I 2 

50 0 

4 -, Tonto 



63.o± 1.7 

59 of I 7 

53.9f 2.0 








S8-7 ±i 3 

6 i.7 ±2 .i 



56 64 1.7 


50.4*1.8 

4 -, Rfd. M. 



68 o± 3 .i 

6o.4f 1.6 



50 6f I 0 


51.5*2 6 

+. Arr. S, 



6 i.6 ±2.9 

59.o± 2 0 



63 If 1.4 


50.3*1.9 

4 -. Fla. 



62.1 ±1.9 

58.4 f I 8 








62.4! 2 7 

59-2 ± I* 




56.7*1.3 

43 7±2.S 

60.4* 2,7 

■f, Seattle 



6 i.4 ± 1-8 

62.9 ±x .7 



54-9 ± 1.3 



•f. Sch. X 



64.3 ±1*3 

6 i.9±i.8 









63.8±i.6 

6s.2f 1.4 


62 S±l.4 

56 of I 7 

SSOt I 4 

565*1 7 

ar 

69 I ± 1.5 


70.o± t 3 

62 6±2.2 



58 of 1.9 


59 2*1.8 

gvl 


6s.a± 1.7 

67.8 ±o .9 

67.040.7 

6o.7± 2.6 


S7.8f 1.2 

57.0*1.3 

55 3* 1-4 

ey* 


66 . 4 ±x *0 

66.4 ± 2.2 

64.o± 2.9 



6i.3f 3.5 

57-2*1.7 


M* 







69.4* x.S 

6o.6f 2.7 


ey* 



64.5 ±1.6 

65.8 f 2.4 

65.8*1.7 


649*1.5 

65.8* 1.8 

62.2* 2.5 
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Table t (Continued) 


OPPOSED 

CHROMOSOME 




PREFERRED CHROMOSOME 




hP 


-f.Sch.X 

gvUP 

ar 

gvl 

ry 

M* 


4-*'* ey^ 





30 9+ I 5 





sv 


37 6± 2 7 




34 8± 1.7 

33 6+ 1.9 



rify® 

41 t 3 

40 8± I 2 

35 7± I 3 

3ft 2 1 I 0 

30 0+ 1 3 

32 2±0 Q 

33 6+ 2 2 


35 5± 1 6 


38 34 2.1 


38 I ± 1 8 

34 8± I 4 

37 4±2 2 

33*o±o 7 

36 od 2 0 


34 2± 2 4 

ci 






30 3 ± 2 6 



34 2± I 7 

X ci 




37 5 ± I 4 






+, y sc w" 




436+18 


45 o± I 3 




sv^ 

43 4± I 7 

43 3l I 3 


44 0± I 7 

42 of 1.9 

42 2+ I 3 

38 7 ± 3 5 

30 6± 1 s 

35 Ill 5 

+, San G. 


45 o± I 1 


42 3+ I 4 


42 7 + I 5 



31 4± 2 7 

+, Bham 


44 o± 2 5 


43 7 ± I 4 


43 7t X 3 



39 8+ 2.1 

ht 


563+2 «; 


45 0+ 1 4 


430+1 3 

42 8+ 1 7 

.30 4+ 2-7 

34 3 ± I 8 

ci^ 

40 t 8 

39 6± 2 7 


43 S+ I 7 

408+ 1 8 

44 7+ 1 % 



37 81 2.S 

-K Toronto 


40 4+ 2 > 


47 2 + I 7 


42 7± I 5 




hfi 

SO 0 

52 Id 1 7 


43 2± I 5 


39 0± 2 1 




+, Red M 


48 9+ 2 3 


47 8± 1 0 


40.7+ I 4 




+. Arr. S. 


50 T 4 T 6 


44 7 + I 7 


47 6 I 2 2 



35 1 + 1 0 

+. Fla. 




42 9± 1.3 


502+13 




ty 

47 0± 1 7 

500 

47 S± 1 5 

44 9+ 1 I 


44 71 I 1 




- 4 , Seattle 




SI I + 2 I 


50 6± 2 I 




4 -, Sch X 


52 5+15 

SO 0 

53 i± I 4 


41 4±4 4 

50 o.f 3 7 



gvley^ 

56 81 I S 

S 5 i± I 1 

46 9+14 

SOO 

460+ I 3 

473 + 09 

4T 7± 2 4 


43 2I2 3 

ar 




53 I± 1 3 

500 

40 5 i 1 1 

44 7 + I 8 


46 5+ I 7 

gvl 

61 o± 2 I 

55 3± I I 

58 6±4 4 

52 7±09 

50 5+ I 1 

SO 0 

50 8+ I I 


51 3i I I 

ey* 



50 0±3 7 

58 3± 2 4 

55 3+ I 8 

49 2 i- 1 I 

50 0 

53 ol 38 


M< 







47 o± 3 8 

50 0 

47 8± 3 5 





5ft 8+ 2 3 

5 3 5+ T 7 

48 7 + I I 


52 2 + 3 5 

50 0 


to the same pole as the ey^ chromosome in 67.0 percent of the cases. The 
result was the same whether the duplication was received from the same 
parent as ey^ (918/1398 = 65.7 percent) or from the same parent as gvl 
(561/807 = 69.5 percent), though in the latter case there resulted more than 
50 percent recombination. The result was also the same in attached-X 
females carrying a Y chromosome (1118/1674 = 65.8 percent) and in sep- 
arate-X females with no Y (361/531 =67.9 percent). 

Tablf 2 

Preference ratios for scute-zo-2 duplication in tests concerning a series of wild type IV chromosomes These came from a 
mutant stock (yellou* scute^^ apricot) and from the folloveing wild stocks: San Gabriel Canyon, California: Birmingham, 
England; Tonto, Arizona, Redwood Meadow, California; Arroyo Seco, Pasadena, California, St, Augustine, Florida, 
Seattle, Washington 


PREFERRED CHROMOSOME 


CHROMOSOME 

-(-tyscuP 

+-, San (f. 

+,Bham 

+, Tonto 

+,Red M. 

+, Arr. S. 

+, Fla. 

-f, Seattle 

ciey^ 

4 i. 3 ±i .4 

48.1 + 1.3 

30 . 4 + 2.6 

37.0+1.7 

32.0+3.1 

38 4+2.9 

37.9+1.9 

38.6+X.8 

eyP 

So. 8 ± 1.9 

38.9+1.8 

47.4+ 2.5 

42.0+1.7 

39 6+1.6 

41.0+ 2 0 

41.6+1.8 

37 .I+I .7 

ci 




46.1 + 2.0 






52 .S±i.l 

47 - 3 + 2.2 

42.4+1 7 


49.1+1.9 

36 9+ I 4 


45.2+1.3 

ci^ 

6 s. 3 ±I .9 

53. 7+2 I 

48.7+1.3 


48.5+2.6 

49 7 + 2.0 





55 . 0 + 1.2 

56,0+2.5 

50.6+2.1 

51.1+2.3 

40 . 0+2 6 




56.4+1.8 

57.7+1.4 

56.. 3 +1.4 

52.8+1.7 

52.2+1.9 

55 . 3 +1.7 

57.2+1.3 

48.9+2.1 

gtl 

S 5 .o±x.a 

57.3+2.5 

57 . 3 + 2.3 

57.3+2.5 

59.3+2.4 

S2.4±2.a 

49 - 8 + 1.3 

49.4+2.1 

ay* 


68.6+2.7 

60.2+ 2.1 



64.9+2.9 
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Tables i and 2 show the results of the tests of this kind that have been 
carried out. Examination of these tables will show that the 26 kinds of IV 
chromosomes that have been tested fall into a series, approximately in the 
order in which they are listed in the rows of table i. The nature of this 
series is such that the duplication “prefers” any chromosome to those 
that lie below it in the series, and this preference is greater the further 
apart the two chromosomes concerned lie in the series. This is shown by 
the fact that the values entered in each column gradually increase from 
the top to the bottom of the column. There are irregularities in this in¬ 
crease, often great enough to be statistically significant; but the general 
trend is unmistakable. It is probable that the discrepancies, so far as they 
lie beyond those to be expected from errors of random sampling, are due 
to differential viability or (in a few cases) to uncertainties of classification 
for some of the IV chromosome characters concerned.* 

The exact seriation shown in the tables is not to be taken as accurate in 
detail, though the general neighborhood in which each chromosome is 
placed is clearly correct. The method used in obtaining this sequence, 
together with a numerical scale for judging the relative degrees of differ¬ 
ence concerned, will be described below. 

It will be observed that there is no evident relation between the position 
of a chromosome in the seriation and the mutant genes it carries. The top 
and the bottom chromosomes are both characterized by carrying recessive 
eyeless mutants, as is also e\\ that lies near the middle of the series. Seventh 
from the top is a wild type chromosome, seventh from the bottom is 
another; and between these lie several other wild-type chromosomes, at 
least some of which certainly differ from each other. 

Several of the tested chromosomes are derived ones. The first, 

(from Dr. C. B. Bridges), arose by reverse mutation from the third, ci 
cy^. It is probable that these two are really identical in their preference 
properties. The gvl cy^ chromosome (also from Dr. Bridges) arose by 
crossing over between ci cy^ and gvl; it is intermediate, definitely different 
from both, and much more like gvl, from which its spindle-attachment is 
derived. The “ + , Sch. X” chromosome was obtained (by Dr. J. Schultz) 
by crossing over between ey^ and ci. Here the crossover is much lower in 
the seriation than either of the chromosomes from which it was derived. 
Its spindle-attachment comes from ey^, which BRiDCiES (1935) has shown 
to be a compound chromosome, with a diploid laterally attached duplica¬ 
tion. This duplication may be important in determining the properties of 
the ey^ chromosome; it is not present in the “ + , Sch. X” chromosome. 

' The position of eyP is different from that reported earlier (Sturtevant 1934) This is be¬ 
cause one of the earlier experiments was carried out with another chromosome (“Scutenick^), 
not further studied here, that sometimes gives a slight eye defect. These data have been discarded. 
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The “X a” chromosome arose as a crossover in one of my triplo-IV 
experiments. The ci (and the spindle-attachment) came from ci cy*, the 
either from cP or from gvl. In either case the crossover is intermediate 
but more like the chromosome from which its spindle-attachment came. 
Evidently there is no one locus responsible for the preference properties of 
a chromosome, but it is possible that the spindle-attachment end is ’most 
important. 

The relation of the duplication to the IV chromosomes is evidently due 
to the fact that it contains IV chromosome materials. A similar (unde¬ 
scribed) duplication, found in the “shaven” stock, carries the loci from y 
to silver, inclusive, but presumably has an X spindle-attachment. Experi¬ 
ments with it, comparable to those in table i, gave the following values 
(the numbers given represent percentage preference for the first-named 
chromosome, which is the higher one in the seriation) :sv — ci ey^, 54.0 ± 3.2; 
sv — ey, 46.6 + 1.9; cp — ey, 48.7 + 2.7; sv — cP, 47.5 + 4 3. I'hese values are 
clearly not significantly different from 50.0. Similar results were obtained 
with duplications 107 and 118 (Dobzhansky 1934), though here one of 
the IV chromosomes concerned was a wild type of unknown position in 
the series. 

On the other hand, another duplication derived from an X-IV trans¬ 
location (an undescribed mottled notch received from Demerec) gave 
clear indications of preference, although the fragment of X concerned is 
considerably longer than that of scute-10 — 2. The valuesobtained here were: 
ci cy®—hy sc w“, 60.0+ 2.0; -\-y sc w“ — gvl ey, 57.4+ 1.9; -fy sc u’‘‘ — gvl, 
66.9 + 1.8. These are clearly significant deviations from randomness, in 
the same direction as the corresponding values. 

TRIPLO-IV FEMALE.S 

When three IV chromosomes are present in a single female, there are 
three possible types of segregation that give two chromosomes to one pole 
and one to the other (AB/C, AC/B, BC/A). With the existing material 
it has not been possible to determine the relative frequencies of all three 
types of segregation simultaneously in experiments in which contrary 
classes gave a viability control (except by the use of progeny tests, which 
have not been carried out). In some of the data the three frequencies were 
determined (without the viability control), while in others the viability 
control was obtained but only one of the three frequencies was determined. 

Two samples of the raw data are shown in tables 3 and 4. In table 3 
appear the results of testing a series of different chromosomes against ey® 
and cP.^ Here the type of segregation determined is ey^cPjx (x indicates 

* Both and are fully dominant when present in single dose in triplo-IV flies. It has not 

been found possible to distinguish such specimens from the corresponding diploJVs. 
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any other chromosome listed in table 3); the viability control is similar 
to that in a linkage backcross. Contrary classes should be equal; inspection 
of the table shows that in every case the ey^ character reduced the viability 
materially. Other experiments indicate that this is not due to the fact 
that the gene occurs most often in triplo-IV flies, for this condition evi¬ 
dently does not interfere with the viability appreciably—in some cases at 
least it appears to improve it slightly. The table shows a general tendency 
for the percentage of tested segregation type to increase as one passes 
from the top to the bottom of the series of table i. As in that table, there 

Table 3 


Offspring of triplo-IV females of the constitution ey^/cP/x^ mated to diplo~IV males not carrying 

ey^ or cP. 


X 


4- 

cy'> 


TOtAL 

rj/A t^/x 


iSl 

242 

250 

347 

1020 

4 * 5 

ci ey^ 

67 

82 

*<>3 

168 

480 

3 * * 

ci 

41 

57 

97 

128 

323 

30.3 

4“, y sc 

44 

3^ 

49 

97 

226 

35-4 

sv^ 

95 

110 

*70 

*95 

570 

36.0 

-f, SanG. 

64 

*25 

111 

*57 

457 

41.4 

4“, Bham 

66 

84 

60 

140 

350 

42.8 

bt 

127 

187 

188 

270 

772 

40.7 

ey 


89 

77 

**5 

352 

45-5 

-h, Seattle 

187 

204 

232 

263 

886 

4^ . I 

gvl eP 

12q 


* 3 * 

179 

597 

48.1 

gvl 

144 

252 

148 

238 

782 

50.6 

ey* 

TOI 

*37 

56 

q8 

392 

60.7 

rv* 

I 10 

180 

77 

144 

5*1 

56 8 




Table 4 

Offspring of triplo-IV females of the type AIA/B^ mated to BB males. 



A 

B 

NOT B 

B 

TOTAL 

PER (’ENT B 


sv 

gvl ey^ 

181 

74 

255 

29.0 


sv 

gvl 

577 

144 

721 

20.0 


sv 

ey* 

174 

42 

2x6 

19.4 


sv 

ey^ 

202 

49 

251 

* 9-5 


ci ey^ 

sv 

633 

163 

796 

20.5 


sv "" 

ci 

1227 

183 

1410 

13.0 


ci ey^ 

gvl 

791 

243 

1034 

235 


gvl 

ci ey^ 

771 

92 

863 

10.7 


gvl ey^ 

ci ey^ 

185 

26 

2 II 

12.3 


sv "" 

gvl ey^ 

976 

2*3 

1189 

17.9 


sv 

gvl 

1494 

4*5 

1909 

21.8 


sv 

ey* 

1160 

389 

1549 

25* 



sv 

659 

58 

7*7 

8.1 


5 t>~» 

ef 

440 

*55 

595 

26.0 
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are exceptions; here the value for sv is most aberrant. The explanation of 
this aberrant value is unknown, though it occurred in several independent 
tests and appears to be real. The general rule suggested by these results 
and by those of table i is: chromosomes high in the series tend to pass to 
the diplo-IV pole, those low tend to pass to the haplo-IV pole. 

Table 4 shows the results from experiments of the type AAB, where the 
frequency of B eggs is determined. The frequency of this type of segrega¬ 
tion is twice this value; the other two types of segregation are equivalent 

I — 2B 

(AB/A), and their frequency may therefore be calculated (=-). Here 


Table 5 

Frequencies of types of segregation from triplo-IV females. 


nCMALE AND TYPE 

NUMBER 


FEMALE AND TYPE 

NUMBER 


OF RRQRKOATION 

OFFSPRING 


OP REOREOATION 

OFFSPRING 


SV sv/gvl ey^ 

255 

58 0 

ey^ cP/ht 

772 

40.7 

sv sv/gvl 

721 

40.0 

ey^ cP/ey 

352 

45*5 

sv sv/ey^ 

2 T 6 


ep Seattle 

886 

44-1 

sv sv/ey^ 

251 

39 0 

ci'>/gvtry^ 

597 

48 1 

sv ev^/ci ev^ 

770 

2 T .6 

ey^ cP/gvl 

782 

50 6 

ey® cfi/sv 

1020 

41.5 

tyP 

392 

Oo. 7 

SV gvl/gvley^ 

276 

J6.S 

ey^ cP/ey’^ 

5^1 

56.8 

sv ey^/gvley^ 

493 

23-5 

ci cP/ey^ 

249 

48 2 

SV gvl/ey^ 

278 

45-0 

S^nn sV^^/gvlep 

1189 

33-8 

sv ey'^/gvl 

278 

35-2 

Si>»a sv^/gvl 

1909 

43*5 

gvl ey^sv 

— 

ig.8 

sv^ sv^^/ey* 

T594 

50.2 

ci ey^ ci ey^/sv"^ 

796 

41.0 

sv”^ 

595 

52.1 

ciey^ ciey^/gvl 

>034 

470 

gvl ep gol/sv^'^ 

573 

25-4 

ey^ sv^/ci ey^ 

341 

28.2 

„,na gDl/gxle'P 

1022 

29.5 

ey^ cfi/ci ey^ 

480 

311 

gvl ey^^/gvl 


45 •> 

sv^^/ci ey^ 

1410 

26 0 

gyley^ ey*/sv''° 

388 

22 4 

ciey^ ht/sv^ 

320 

35-6 

ey^/gvleyp 

36 T 

30.4 

sTf^ cfl/ci ey^ 

820 

23-9 

.vr”* gylep/ey^ 

- 

47.2 

sv^ bt^/ciey^ 

280 

22.6 

sv^ gvl/ey* 

398 

35*2 

ciey^ sv”^/gvley^ 

217 

36.8 

ey^/gyl 

398 

32.6 

ey^/ciey^ 

T074 

17.4 

gvl ey^/sv”^ 

— 

32.2 

ciey^ ci^/gvl 

831 

54.2 

ey^ ey^/sv'^ 

717 

16.2 

cP gvl/ciey^ 

831 

19.1 

cP ey/gvl 

247 

38.0 

ciey^ gyl/cP 

— 

26.7 

cP gyl/ey 

247 

33-2 

bP ef/cit'^ 

484 

27.3 

ey gvl/cP 


28.8 

gvle^ ^It'^/cie'^ 

211 

24.6 

cP gvl/ey^ 

260 

43-2 

ciey^ gvl/gyley^ 

1852 

36.1 

cP e'f/gvl 

260 

31-4 

gvley^ gvl/ciey^ 

1110 

25.6 

gvl ey*/cP 


25-4 

cie^ gvl ey^/gvl 

— 

38.3 

cP gvl/ey^ 

763 

37.4 

gvl gvl/ciey^ 

863 

21.4 

cP ef/gyl 

763 

42.2 

eyP cP/ci 

323 

30.3 

gvl ef/cP 

— 

20.4 

eP cPl’\-y sc vtf^ 

226 

35-4 

ey gvl/gvl ep * 

222 

30.6 

ey^ cP/sv^ 

570 

36.0 

gv/ ey^/gole^ 

1174 

25.2 

ey^ a^/-|-San G. 

457 

41.4 

gvl e^/gylep 

1653 

27.8 

eyP Bham 

350 

42.8 
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there is no viability control, though in every case it may be surmised that 
the class is slightly decreased from the true value by this factor. 

Table 5 summarizes all the data available from triplo~IV experiments 
(of whatever type) in which as many as 200 flics were recorded. The final 
column gives the frequencies of the segregation-types concerned (that is, 
the values of table 3, twice those of table 4). These values have not been 
corrected, in cases where the viability correction is absent from the experi¬ 
ment itself; but the probability is that such corrections, were it possible 
to estimate them quantitatively, would be small in most cases. 

Many of the values recorded in table 5 arc strikingly different from the 
33.3 percent that would result from random segregation. Analysis shows 
that these deviations are in gen^'ral in agreement with the principle stated 
in discussing table 3. If A, B, and C represent the three chromosomes con¬ 
cerned, in the order of their position in the seriation, then the three types 
of segregation occur in the relative frequencies AB/C >AC/B >BC/A. 
More exact quantitative analysis will be discussed below. 

ALGEBRAIC ANALYSIS OF THE DATA 

Given three IV chromosomes (A, B, and C), the simplest assumption 
seems to be that when A and B pass to opposite poles at meiosis, C goes 



Figi'rk r. 'I'hrec types of segregation of three IV chromosomes. 

to the same pole as A in a fixed proportion of the eggs that is independent 
of the nature of C. It is clear, from even a cursorj" examination of the data, 
that the nature of C does influence the frequency with which A and B sep¬ 
arate, so the absolute frequency of AC/B separation will be influenced 
by the nature of C; the assumption is that the nature of C does not in¬ 
fluence the relative frequency of AC/B and A/BC. 

The testing of this assumption may be approached by an analysis of the 
three types of segregation into certain possible components. In figure i 
these three possible types are labelled I, II and III. 



A. H. STURTEVANT 


452 

The terminology used follows: 

Let k. = I+II (i.e., frequency of separation of A and B) 

1 = 1+111 (i.e., frequency of separation of A and C) 
m = II+III (i.e., frequency of separation of B and C) 

What will hereafter be referred to as the “preference ratios” may then 
be defined as follows: 

r = proportion of k in which C goes with A (—^ 3 L_) 

I+II 


s = proportion of 1 in which B goes with A ( 


-) 


III 
I+IIl 

III 


t = proportion of m in which A goes with B (—). 

II+III 

Then 

I+II+III = i 
I = ](i_s)=k(i-r) 

II = kr = m(i-t) 

III = ls = mt. 

These equations may be shown to lead to the following results: 

r+s —2rs^ 


I=i-(- 


I — rs 


) 


(i) 


II=^-’‘^ 

(2) 

1—rs 



(3) 

I — rs 

s — rs 

t =- 

(4) 

r+s — 2rs 


The first three numbered equations are of interest in dealing with triplo- 
IV cases; (4) has been used in the analysis of these*®® duplication series. 
The original assumption was that the values of r, s, and t were independent 
of the nature of the third element concerned—i.e., that r is a constant 
property of the pair A B, whether they be tested against C, D, or Z. There¬ 
fore equation (4) furnishes a method of calculating the preference between 
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B and C when that between A and B and between A and C is known. The 
duplication series may be taken as giving such preference values directly, 
since one type of segregation is rare and does not enter into the calculations. 
If C (figure i) be taken as the duplication, the rare type of segregation is 
III* and the definition of r is that it is equal to II/I+H. However, in most 



Figure 2. Comparison of observed (horizontal axis) and calculated (vertical axis) preference 
values for the scute-^^* duplication. Solid circles represent cases where the probable error of the 
observed value is 1.3 or less and the calculated value is an average of 9 or more determinations; 
solid triangles, cases where the probable error of the observed value is 1.3 or less, the calculated 
value the average of 5 to 7; open circles, cases where the probable error of the observed value is 
1.4 or 1.5, the calculated value the average of 12 or more determinations. 
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cases the occasional occurrence of III will give rise to two classes, one of 
which will be indistinguishable from one of those resulting from I or II. 
Nevertheless, since III is infrequent, the data of tables i and 2 may be 
taken as giving direct determinations of preferences, and equation (4) may 
be applied to them. (See discussion below.) 

Table 6 shows the calculated values of t for each of the 26 tested chro¬ 
mosomes in combination with the five most thoroughly tested chromo- 

Tablk 6 

Average of calculated preference values {directly observed values also included)^ based on tables i and 2. 


OPPOSED PREFERRED CHROMOSOME 


CHROMOHOME 

n eyR 


8 V ”" 

gvley^ 

gvl 


50.4 

47.6 

41.7 


34-8 

sv 

48.1 

49.6 

44 9 

36.0 

30-4 

ci ev® 

50.0 

48.6 

44 4 

3 b -7 

3.5-3 


51-4 

50.0 

45*5 

38.1 

36 0 

ci 

51.0 

51.0 

44 

40 3 

37.8 

Xci 

53 0 

54-8 

45 >8 

.W.4 

38.7 

■^y sc 

' 55 7 

54.3 

47 9 

40 2 

39'2 


55-<> 

54-5 

50.0 

41 2 

6 

4* San Cj. 

55 I 

5^^ 3 

51-1 

42.2 

40 4 

-fBham 

57 2 

58.5 

52.0 

44 5 

42 7 

bt 

58.8 

5^ 7 

54 7 

49.3 

4^*3 

efi 

59-2 

58 4 

54.4 

45 • 5 

4^ 7 

4 Ton to 

5«.2 

60. Q 

52.1 

45-9 

45 0 

bP 

60.2 

50 5 

54.0 

45*4 

44.5 

4'Red, M 

59.1 

60 4 

54.2 

46.1 

45 5 

4-Arr. S. 

59 9 

59.4 

55-4 

40 7 

45 ^ 

-fFla 

60.5 

61.5 

5i 0 

46.7 

45-3 

ey 

60.8 

60.2 

5^^-9 

47.0 

44 9 

4-Sea tile 

62.9 

63-3 

5^»-5 

49.7 

48 2 

H-Sch.X 

62.4 

03,2 

57 2 

50.2 

47 8 

gvl ey^ 

63.3 

61,9 

58.8 

50.0 

47 2 

ar 

64.6 

65.0 

(>o. 1 

52.6 

49 9 

gvl 

64.7 

64.0 

60.4 

52.8 

50.0 

ey* 

67.1 

66.1 

62.2 

53-8 

50.8 

M* 

67.7 

67-3 

64.0 

57 7 

51.0 

ey’^ 

68.0 

68.4 

64.8 

55-5 

55*1 


somes. (See column headings.) From tables i and 2 were extracted all 
cases in which pairs of chromosomes entered in the cells of table 6 were 
each tested against a common third chromosome. From such combinations 
t was calculated (for example, sv/ey^ gave 52.2, ci ey^jey'^ gave 50.9; 
sold ey^ may be calculated from equation (4), substituting 52.2 for r, 50.9 
for s). The various possible calculated values for each cell of table 6 have 
been averaged; averages of this type have been used directly in figure 2, 
but in table 6 the observed values from tables i and 2 have been averaged 
in, each being given the same weight as a single calculated value. 
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The values in this table are clearly self-consistent, each of the columns 
giving a regularly increasing series of values as one reads from top to bot¬ 
tom. The discrepancies that exist are all small in amount. In effect this 
table represents a “smoothing” of the raw data of tables i and 2. The reg¬ 
ularity of the gradation of values is in part inevitable, since the final 
seriation is based on these data; the essential point is that it is possible 
to get so nearly a perfect gradation for all five columns simultaneously. 

When either r or s is close to 50, equation (4) is approximated by the 
equation 

t-50+r-s. (s) 

I’hat is, t differs from 50 by an amount equal to r —s. This relation is use¬ 
ful in checking calculations; and has also been made use of in applying 
arbitrary numerical values to the various chromosomes in table 7. This 
table in appearance, in method of construction, and in practical applica¬ 
tion, has a resemblance to the familiar ‘^chromosome maps^^ that are 
based on crossover values. It is necessary to keep in mind, however, that 
no spatial relations arc represented, and that the table concerns properties 
of whole chromosomes, not of loci. 


T\blk 7. 

Prffere ice table (Description in the text). 



20 6 

-f-Bham. 

11.2 

-(-Seattle 

3 

sv 

IQ.8-1- 

hi 

10 4 

-f-Sch X 

0.24- 

ci 

IQ 8 

ci^ 

lO I 

gvl ey* 

6.2 


18.6 

-f Ton to 

9.0 

ar 

4 24- 

ci 

17.4 


9 

gvl 

4 2 

Xci 

16,2 

-fKed. M. 

9-3 

ey 

2 5 

-hy sc 

14 9 

-I-Arr. S. 

9.0 

SP 

1 0 

SV"“ 

14.2 

-t-Fla. 

8.8 

ey® 

0.0 

-f-San Vi. 

s 

ey 

8.4 




The table is based primarily on the relations of the eight most-studied 
chromosomes; these are represented in bold-faced type. The values of~!t 
for each successive pair of these were calculated from the values of table 
6—i.e., “second order” calculations were made and averaged. The differ¬ 
ences between these values and 50 were then taken as representing the 
differences between the chromosomes concerned. The interval concerned 
was first estimated by comparing the totals of the rows in table 6, and as¬ 
suming the seriation to be such as to give a regularly ascending series of 
such totals. Each of the remaining 18 chromosomes was then fitted into 
the scheme by making “second order” calculations (from table 6) for its 
relations to the two of the chosen 8 better-studied chromosomes between 
which it lies. When the sum of the values so obtained was not equal to the 
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difference between the two chosen chromosomes (in no case did it differ 
markedly) the fitting was done by the method of proportional parts. 
These calculations resulted in a seriation of the chromosomes, with a set of 
relative differences. One of the terminal chromosomes (ey®) was arbitrarily 
taken as the zero point, and numerical values were assigned to each of the 
other 25 chromosomes, corresponding to the sum of the differences appear¬ 
ing in each interval between them and the arbitrary zero point. 



Figure 3. Comparison of observed (vertical axis) values for frequencies of segregation types 
in triplo-IV females with values calculated (horizontal axis) from the scute-^®”^ duplication ex¬ 
periments. Includes all cases where the observed value is based on 700 or more flies. 


Table 7 may be used to give a prediction of the behavior of any three 
IV chromosomes when tested together. The differences between the values 
given in the table for any two chromosomes, when added to 50, give the 
preference ratio for those two. Three such values may be read off (for the 
possible combinations by two) for any three chromosomes; these, substi- 
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tuted for r, s, and t in equations (i), (2), and (3), give the required predic¬ 
tion. Furthermore, any IV chromosome not listed in table 7 may be en¬ 
tered in its proper place by means of very few (theoretically by any single 
one) combinations with known chromosomes; it will then be possible to 
predict its behavior with any listed chromosomes. 



50 55 60 65 70 

Figure 4. Preference ratios calculated from triplo-IV experiments (vertical axis) plotted 


against those calculated from scute-^®~* duplication experiments (horizontal axis). 

CORRELATION OF DUPLICATION AND TRIPLO-IV DATA 

The equations developed in the preceding section were assumed to 
apply both to the duplication experiments and to those with triplo-IV 
females. It is possible to test this directly, by calculating from one series 
the results to be expected from the other. Figures 3 and 4 show the results 
of such a procedure. 

Equations (i), (2), and (3) make it possible to calculate the types of 
segregation expected from triplo-IV females, given the preference ratios 
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of table 6. In some cases the necessary values are not included in table 6; 
such values were calculated by the same method as that used in deriving 
table 6. The observed frequencies are recorded in table 5. Figure 3 shows 
the relations here; all cases where the observed value is based on 700 or 
more flies are entered. The agreement is evidently satisfactory—calcula¬ 
tions based wholly on scute-10—2 duplication data do in fact give good 
agreement with observations on triplo-IV. 

There is, however, a suspicion of a systematic deviation in figure 3, 
such that observation gives a greater deviation from randomness than cal- 

Table 8 


Preference ratios calculated from triplo-IV data of table 5. 


CMROMOSOMRfl 


NUUBKR OF 

DITKRMINATIONR 


AVBK\ 01 S 

PnBFRRKNCK RATIO 

sv 

gvl ey^ 


I 


56.1 

sv 

p’l 


2 


60.5 

sv 

ey^ 


I 


69.4 

ci ey^ 

St'"® 


2 


57 0 

ci ey^ 

cP 


1 


5 ^ 3 

ci ey^ 

P'l eP 


2 


59 .5 

ci ey^ 

gvl 


4 


65-4 

Sjjna 

gvl ey^ 


3 


55-1 

SI/”® 

gvl 


3 


56 0 

sv”° 

e\^ 


4 


64 8 


O’* 


I 


08 5 

cP 

ey 


I 


53 5 

cP 

gvl 


4 


61.0 

cP 

ey* 


I 


63 0 

cP 

0* 


1 


62.1 

ey 

gvl 


1 


53-4 

gyl ey^ 

gvl 


2 


55.0 

gvl ey^ 

ey* 


2 


50.4 

gvl 

ey* 


I 


51-9 

gvl 

0* 


2 


51 2 


culation would lead one to expect. The problem was therefore approached 
in another way. From the definitions of r, s, and t it is possible to calculate 
them from triplo-TV data in cases where the frequencies of all three types 
of segregation are known. Table 5 includes a number of such cases. The 
preference values from these were calculated; where several determinations 
for the same two chromosomes were available these were averaged. The 
results are shown in table 8, and are plotted against the corresponding 
values of table 6 in figure 4. Here there is clearly no systematic deviation, 
so the indication of one in figure 3 is probably not significant. It may be 
noted that, if a table analogous to table 6 is constructed from the data of 
table 8, the same seriation of the nine chromosomes concerned will be 
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found to fit, with surprisingly few discrepancies and these of small magni¬ 
tude. If the seriation is deduced solely from the data of table 8, it is found 
to agree with that shown in table 7, with the exceptions that sv might be 
placed below ci ey below gvl ey^ (only one comparison possible), and 
ey^ below ey^. In all these cases table 7 indicates only slight differences; 
the rearrangements suggested by the triplo-IV data would not seriously 
disturb them. 

The calculations from the two series thus agree quantitatively as well 
as could be expected from the nature of the data. 

INFLUENCE OF DUPLICATION ON SEGREGATION OF FOURTH CHROMOSOMES 

It has been assumed, up to this point, that in diplo-IV females carrying 
the scute 10—2 duplication the frequency with which the two IVs go to 
one pole and the duplication goes to the other is negligible. It was clear, 
when the experiments of table i were carried out, that this type of 
segregation does occur; since these experiments regularly gave a few haplo- 
IV flies (more than the occasional ones found in any experiment), and 
such flies were always not-yellow (that is, carried the duplication). These 
flics were recorded, but have not seemed worth dealing with, since the 
viability of haplo-IV is extremely low and is also quite variable. In one of 
the experiments of table i, however, it is possible to identify the other 
(triplo-IV) product of such segregation, namely in the combination ey^lci^f 
dupl. From this combination there were recorded 146 ey^\ 106 r/^, 94 y ey^, 
t6o y 11 y ci^ey^\ The latter class results from the type of segregation 
under discussion; an equal number of (not-yellow) haplo-IV must have 
been produced but failed to survive. From these data one may deduce 
that the three types of segregation occurred with the following frequencies: 
ey^^ dupl/r/^^ = 57.9; ci^ dupl/n’^ = 37.8; ey^^ n'^/dupl-4.2. It should be 
noted that the experiment suffers from the low viability of ey^ referred 
to before. 

Several experiments were carried out in an attempt to determine the 
frequency of this type of segregation in another way. Females of the type 
studied in table i were mated to males of the constitution ey^/'M^. 

is completely suppressed in triplo-IV flies; accordingly any wild type 
flies must have arisen by the production of a diplo-IV egg by the mother. 
Since both ey^ and have reduced viability, these experiments give 
maximum values, the haplo-IV eggs always giving less viable zygotes than 
the diplo-IV ones. The procedure adopted has been to double the number 
of + zygotes (since a corresponding number of haplo-IVs are lost), and 
add this number to that one of the two diplo-IV classes that was largest, 
in order to obtain a total number of zygotes. The data are given in table 9. 
The average value from this table is 4.55 percent non-disjunction, none 
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having been found in the few offspring studied from females with no dupli¬ 
cation. It may be noted that the highest frequency of non-disjunction was 
obtained from the combination involving the highest members of the IV 
chromosome seriation, as might have been expected. Taking this and the 
ey^/fiVdupl experiment together, we may conclude that 4 percent repre¬ 
sents a fair estimate of the usual frequency of this type of segregation. 

If 4 percent is taken as the frequency of AB/dupl segregation, it is 
possible to estimate the error introduced by its occurrence in the experi¬ 
ments of tables i and 2. If A and B each carry a recessive gene (a, b), the 
calculated preference will differ according as the male used in the test is 


Table 0 

Diplo-IV feniale^Xey^/AI* mde\ 


rONSTITUTION OF MOTHER 


AP 

-f' 

rALfULATED 

NON-J)lR.mNrTU 

,s!i/o»*/dupl 

go 

67 

1 

2 2 

-j-, y 2 c®/ 5 t»"®/dupl 

i2g 

90 

6 

8 5 

5 |,»w/^^,»rt/dupl 

204 

23 * 

7 

5 7 

jv"«//>//dupl 

102 

100 

3 

5 h 

-f-, SanG/eyVdupl 

go 

67 

I 

2.2 

gvl/gvl/d\xp\ 

188 

160 

3’^ 

3 *^ 

Average 




4.55 

sviey* 

igi 

149 

0 

0 

sv^/sv^ 

8S 

80 

0 

0 


* These flies, being gvl/gollM^y were expected to show the grooveless character, as do 
flies. No trace of grooveless was found; the constitution of one of the three flics was verified by 
tests of its offspring. This result is presumably relatecl to the fact that the grooveless character is 
often slight in haplo JV gvl. 


y a or y b. If r represents the true preference ratio (for A over B), then in 
backcrosses to y a males the observed ratio will be r+2/102; in back- 
crosses to y b males it will be r/102. These expressions give the following 
values: 


Male 

r=5o 

r = 6o 

r = 65 

r = 7o 

y a 

51.0 

60.8 

65-7 

70.6 

yb 

49.0 

58-8 

63-7 

68.6 


Table 10 shows the results from all experiments in which females of a 
given constitution were mated to both kinds of males. The average differ¬ 
ence between the two types of experiments, instead of being 2.0 as ex¬ 
pected, is only 0.2; evidently this source of error in tables 1 and 2 is too 
slight to be further considered. 
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POSITION OF THE DUPLICATION IN THE SERIATION 

It is clear that the duplication may be placed in the same seriation as 
the other IV chromosomes. Since, as just shown, it almost always goes to the 
diplo-IV pole, it belongs at the top of the series, far above the other 
chromosomes dealt with. There is too much uncertainty about the values 
to enable one to place it numerically in relation to table 7. 

Table 10 

Femalei^ A IB/dupi mated to males y a or y h. 

BACKCKOBti TO a BACKCK 088 TO b 

a b -- —-- - —- a MINUS b 




N 

CALC. 

N 

CALC. 






PKEFKRI-NCK 


I'RKFKKKNCE 



ci ey^ 

gvl 

625 

by .2 

583 

68.5 



ci ey^ 

sv'^“ 

J 97 g 

56.0 

361 

5 S-I 

+0.9 


gvl 

fy 2 

821 

48.2 

203 

0 

OC 


— 2 6 

gvl 

ey* 

378 

50 2 

587 

48 6 

-f" I 6 


ey 

gvl 

200 

5 «-o 

802 

54 -f> 

+3 4 


Xci 

A 2 ;"“ 

505 

52 .3 

216 

48.1 

-1-4 2 



ey 

I 4 Q 


532 

57 5 


-3.9 


ey^ 

201 

64.1 

306 

(>5 4 


- 1.3 


gvl 

i 74 

5«.0 

0 

1 OC 

57 5 

4 - 1.1 






Average 


+0 23 



IV CHROMOSOME TRANSLOCATIONS 

Several reciprocal translocations between the IV and the II or III 
chromosomes have been tested for preference. They have not given con¬ 
sistent results, presumably because in all such cases there are types of 
gametes that are not recovered (or have greatly reduced viability). Until 
these complications can be eliminated it does not seem necessary to pre¬ 
sent what data were obtained. 

NO INFLUENCE OF AGE AND TEMPERATURE 

Two separate experiments were carried out to test the effects of age of 
female and of temperature on the preference ratios. In the first case the 
tested females were sv/ey^j carrying the scute 10—2 duplication. Here 
controls (25°) and females treated for two days at 2^°C immediately after 
emergence showed no clear differences from the usual value of 52 percent 
in daily transfer cultures run for 12 days. In the second series the females 
were ci^lgvl, with the duplication. The temperatures used were 19°, 25°, 
and 28®; the first and last were applied for three days that included the 
emergence from the pupae. Again there were no evident deviations from 
the usual value (55 percent) in daily transfer cultures made for 12 days. 
These temperatures and ages are evidently without effect on the prefer¬ 
ence ratios. 
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PREFERENCE TESTS IN MALES 


The results described in the preceding pages have been based entirely 
on tests of females. The results obtained from tests of males are shown 
in tables ii and 12. Table ii, dealing with scute-io— 2 duplication males, 
suggests that there is no preference in the male, none of the values being 
clearly different from randomness (50.0). However, it is to be noted that 
the four combinations that give over 66.0 in females all give above 50.0 



Figure 5. Frequencies of segregation types in triplo-IV males (vertical axis) plotted 
against the corresponding frequencies from triplo-IV females (horizontal axis). 


in males, while the four that give 57.0 or less in females all give less 
than 50.0 in males. 

Table 12, showing the results from triplo-IV males, indicates the exist¬ 
ence of a preference in males that is less than that in females. The correla¬ 
tion between comparable values for the two sexes is obvious in figure 5. 
The numbers of combinations are too few to warrant presentation of the 
results of application of the preference formulae to males; the deviations 
from randomness are so slight that very large numbers would be required 
to furnish an adequate test of these formulae. 
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PREFERENCE OF THE DUPLICATION WITH RESPECT TO X AND Y 

Tables II and 12 suggest that preference is more marked in triplo-IV 
males than in diplo-IV males carrying scute-10—2 duplication. One inter¬ 
pretation of this result might be that the unpaired X, having genes in 
common with the duplication, affects its behavior by reducing its de- 


Table It 


Preference values for the scute-io--2 duplication in males and in corresponding females 


PREFERRED 

CHROMOSOME 

OPPOSED 

CHROMOSOME 

VALUE OBSERVED 

MALE 

FEMALE 

ci ey^ 

ar 

52.7+1 6 

70.0+1.3 

sv*^ 

bt^ 

49 S±i 4 

56 . 6 ±i .7 


ri^^ 

49.2 4 2.1 

57 0+1.4 

ci 

V' 

gvl 

52.6±o.8 

67.8 + 0 0 

gvl 

52.0+ 1.1 

O7.0 + 0. 7 

ci ey* 

Sj,na 

49 - 7 ±i -7 

56 . 8 ±o .7 

ey^ 

57 '"" 

46.3^2.1 

SS 0±1.2 

sv 

ey* 

50 8+1.9 

66 4+1.9 


Table 12 

Frequencies of segregation types in triplo-IV males and females compared. 


MALES FEMALES 



OFFSPRINa 

PERCENT 

OFFSPRTNO 

PERCENT 

sv sv/ey^ 

488 

43.8 

251 

39.0 

ey^ ciP/sv 

.546 

31 -3 

1020 

41-5 

bP e.flci ev“ 

343 

25,6 

484 

27 3 

sV ^ jey ^ 

300 

35-4 

*564 

50. 2 

ey^ ci^/sv»^ 

597 

36.8 

570 

36.0 

eyP a^V"f Bham. 

382 

36.7 

350 

42.8 

ey^ Seattle 

639 

35-7 

886 

44.1 

eyP cPley^ 

253 

50.5 

511 

56.8 

ey^ ci^lgvl 

384 

39-7 

782 

50.6 

5U"® sv^/ci ey^ 

592 

31 I 

1410 

26.0 

5 u"" 5 U""/ey* 

704 

38.9 

595 

521 


pendence on IV. If this were correct one might expect a relation of the 
duplication to the X-Y segregation in such males. The available data on 
this relation follow. 

Male y, carrying scute-10 — 2 dupl 



+»9 

y 9 

+''<f 

yd' 

Total 

? yy (X’s separate) 

854 

1010 

772 

1031 

3667 

9 SS (X’s attached) 

252 

35 ° 

314 

368 

1284 
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Analysis shows that in both series the duplication more often goes to 
the same pole as the Y (51.4 + 0.6 percent and 5i.7±o.9 for the two series, 
51.5 + 0.48 for the two taken together). The deviation from randomness 
is very slight, and is doubtfully significant; since it is in the same direction 
in both series I am inclined to suppose that it is real. 

Nevertheless the suggestion that such a relation is responsible for the 
difference between triplo-IV and duplication males cannot be taken as 
verified; for there is a more marked relation of the duplication to the sex- 
chromosomes in attached-X females, where its preference ratios for IV are 
unaffected. The data on this relation are as follows: yy dupl 9 crossed 
with yc? gave -f 9 1914, y 9 1793, +(? 1872, yd' 2162; preference of 
duplication for XX (as opposed to Y) =4076/7741 = 52.6 + 0.38 percent. 
That the result is not due to viability complications is shown by two 
facts. First, similar experiments using females with separate X’s gave the 
same four classes as above in the frequencies 1099; 1178; 939; 1076. Here 
there can be no question of preference, since the mothers carried the 
duplication, whereas the fathers were responsible for the sex of the off¬ 
spring. The percentage corresponding to the preference ratio above must 
then be 50.0 except for deviations due to viability. It is 50.6 + 0.52. Second, 
other duplications, that have X spindle-attachments, similar in gene- 
content to the scute-io— 2 duplication, give similar preferences for XX as 
opposed to Y. My own observations on duplication ii8 give 307/555 = 
56.4 ± 1.4; the data published by Dobzhansky (1934, p. 149) show similar 
relations for duplications 101, 106, 107, 118 and 136. The interpretation 
of these relations awaits further experiments. 

DISCUSSION 

The algebraic analysis of the data from triplo-IV females given above 
has been tested and shown to be adequate. However, the IV chromosomes 
concerned are cytologically visible bodies, and a satisfactory description 
of their behavior must have a geometrical basis. 

In the earlier account (Sturtevant 1934) it was indicated that 66.7 was 
the limiting preference ratio, and that an interpretation might be ap¬ 
proached from this observation as a starting point. The more extensive 
data here presented do not bear out the suggestion of such a limiting value; 
tables I and 6 suggest rather that the value is slightly exceeded and that 
there is no approach to a limit. If the duplication itself be considered as 
a rV chromosome, then the preference ratio for it as compared to any 
other IV chromosome is nearer 90 than 66.7. 

One natural assumption is that two of the IV chromosomes pair and 
pass to opposite poles, leaving the third to go to either pole at random. 
The preference seriation would then be an indication of the strength of 
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pairing affinity. This hypothesis alone is inadequate; for if, in ABC, pair¬ 
ing is always between A and B, there will result two types of segregation 
in equal numbers, and this value of 50 percent is the maximum that can 
be obtained. Since 50 percent is clearly exceeded in most of the duplica¬ 
tion experiments and in several of those with triplo-IV, this hypothesis 
alone is inadequate. 

Perhaps the most attractive of the remaining possible hypotheses is 
that all three chromosomes conjugate, as in figure i, and preference is due 
to non-random orientation of the resulting hexad on the first meiotic 
spindle. One may suppose that the orientation is always such that one 
chromosome is directed toward one pole of the spindle, two toward the 
other. On this basis, a chromosome near the bottom of the preference 
seriation is one that is more likely to be directed toward a pole; it may be 
looked upon as being in some sense the equivalent of more than a single 
one of any type of chromosome lying above it in the seriation. It is prob¬ 
able that a workable model of this type could be imagined in terms of 
electrical charges. 

The scute-TO— 2 duplication probably has nothing in common with the 
other IV' chromosomes except its inert material and its spindle-attachment. 
The data on crossover IV chromosomes (of which more are needed) suggest 
also that these regions of normal IVs may be especially important in deter¬ 
mining preference properties. Since the segregation relations of X and Y 
are also related to inert material and spindle-attachments, it seems likely 
that they are essential in the relations described in this paper. The spindle- 
attachment alone cannot be solely responsible, since the crossovers show 
that more than one locus must be involved. Since Bridges (1935) has 
shown that there is inert material at both ends of the IV chromosome, 
this demonstration does not weaken the argument for its importance. 

SUMMARY 

1. Segregation in triplo-IV females of Drosophila melanogaster usually 
gives two chromosomes to one pole, one to the other. 

2. The three resulting types of segregation do not usually occur with 
equal frequencies. 

3. The IV chromosomes studied may be arranged in a definite seriation, 
such that any chromosome will, in a triplo-IV female, pass to the haplo- 
IV pole more often than will any chromosome that lies above it in the 
seriation (when the two are tested in like experiments or in the same 
experiment). 

4. If two chromosomes, A and B, are tested against any third chromo¬ 
some, C, then in those cases in which A and B separate, C will go with A 
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in a proportion of the cases, r, that is independent of the nature of C— 
that is, r is a constant property of the pair AB, 

5. If the preference ratio for A as opposed to B is called r, that for A 
as opposed to C is called s, and that for B as opposed to C is called t, then 

r+s-~2rs 

6. From this and related equations it is possible to show that the data 
form a consistent whole, and to predict the results that will be given by 
any combination of three tested chromosomes. 

7. The segregation in triplo-IV males is also non-random. It deviates 
from randomness in the same direction as that in corresponding females, 
but less markedly. 

8. More than one locus is concerned with the preference properties of 
a IV chromosome. 
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INTRODUCTION 

I N THE parasitic wasp Habrobracon juglandis (Ashm.), when a cross of 
unrelated stocks is made, males (haploid) come from unfertilized eggs 
and females (diploid) from fertilized eggs. When the parental stocks are 
closely related, not only males from unfertilized eggs but also males (di¬ 
ploid) from fertilized eggs appear. That such biparental males should be 
produced was puzzling until Whiting brought forth his theory of sex 
determination in the Hymenoptera (1933a, 1933b, 1935). 

According to this theory females have the sex chromosomes X and Y, 
while haploid males have cither X or Y and biparental males either two 
X’s or two Y’s. One might then expect equal numbers of biparental male 
and female offspring according to the principle of random fertilization. 
However the number of biparental males is always much smaller than 
that of the females. This deviation from equality Whiting has explained 
in part by differential mortality, in part by differential maturation. When 
parental stocks are unrelated differential maturation is complete, all 
zygotes being XY and resulting in females only. Due to the greater via¬ 
bility of females in contrast to that of diploid males, hatchability of eggs 
and viability of offspring is much greater when parents are unrelated. This 
greater fecundity together with lack of biparental males, necessitates the 
supplementary hypothesis of differential maturation. 

It has already been shown (Whiting and Anderson 1932) that tem¬ 
perature also affects the production of biparental males among progeny 
from crosses of related stocks. A much higher percentage of males among 
biparentals was produced when mothers were set at high temperature 
(30®C) than at low (2o®C), while the percentage of biparentals, males 
and females, among total offspring was decreased. 

After Bostian (1934) produced an orange-eyed stock (ii-o) closely 
related by grading to a certain wild-type stock (ii) and giving very high 
percentages of males among the biparentals, it was shown (Anderson 
1935) if stock 11 males were reared at different temperatures (20®, 30®, 
36®C) even though the stock ii-o females were kept at constant tempera¬ 
ture (30° C), significant differences appeared in percentages both of males 
among biparentals and of biparentals among total offspring. In this case 
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the differences must have been due, not to differential viability of hetero- 
syngamic (XY), homeosyngamic (XX and YY) and unfertilized (X and 
Y) eggs, but to change in percentage of eggs fertilized and of type of 
fertilization. 

EFFECTS OF CULTURE TEMPERATURES 

Preliminary experiment. Females of stock ii-o and males of stock ii 
were mated at room temperature and the females were then divided into 
three groups. One group was set at 32°C, a second at 27°C, and a third 
at 2o°C. As usual the females were transferred through vials a, b, c, d 
and e when larvae appeared. This was every four days for the 32°C and 
the 27°C groups, but every ten or twelve days for those at 2o^C. No trans¬ 
fer was made to a vial e in the low temperature group. 

As in our previous experiments, the higher the temperature the greater 
is the production of males among biparentals while percentage of bi- 
parentals is reduced (table 1). In all three groups (table 2) there is a 
gradual rise of males among biparentals from vials a through b to c and 
a slight drop from c to d. In the high temperature groups a very significant 
rise occurs from vials d to e. 


Table i 

Slock ii-o females hy stock 11 males: prelimhtary experiment. Totals and percentages with standard 
errors for the different culture temperatures. 


PBRCICNT- 

AOE OF PERCENT 


GROUP 

TEMPERA' 

TURE8 

BIPARENTAL 

9 9 cfcf 

IMPATERNATB 

cfcf 

MALES 

AMONG 

BIPAR- 

ENTAL0 

DIFPERSNCEB 

AGE OF 

BfPAU' 

KNTALS 

l)IPFKRKNri!:H 

A 

32°C 

703 

242 

489 

25.6i± 

A-B 5.44 ± 

63-7S± 

A-B 

2.1S± 






1.42 

1.78 

1.27 


1.62 

B 

2fC 

III2 

281 

792 

20.17± 

B-C 7.62± 

65*90 + 

B-C' 

6.S4± 






1.07 

1.97 

1.01 


2.14 

C 

20°C 

356 

51 

155 

I2.s6± 

A'C i3 05± 

72.44± 

A-C 

8.69 + 






1.64 

2.22 

r.88 


2.27 


Egg-counting experiment. As a further check on temperature effects, an 
experiment was undertaken in which eggs were counted according to 
methods developed by Anna R. Whiting and by C.H. Bostian. In much of 
the tedious technical work involved in this research the writer was greatly 
assisted by Miss Roger Young, to whom he wishes to express his sincere 
gratitude. 

Stocks II and ii-o were used and matings were made at room tem¬ 
perature of males and females reared at 30°C. Sister females were mated 
to the same males, half of the females mated to each male being set at 
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lower temperature (i8°~2o°C) and half at higher temperature (32°-33°C). 
The females were given caterpillars that had been stung by wasps with 
mutant factors other than orange and the paralyzed caterpillars were also 
carefully examined and freed from any eggs observed that were laid by 
the ‘Toster mothers.” I'he females were then set in the incubators. 

For the first four days each wasp was given one stung caterpillar each 
day. On the fifth day each female was given two caterpillars. The number 
of eggs laid by the females at high temperature was greatly increased by 
this increased feeding, but the additional caterpillar had no effect at the 

Table 2 


Biparental ojfspring front stock ix-o females by stock ii males: preliminary experiment. Summaries 
and percentages according to culture temperatures and ages of mothers (vials). 


TGMPKnATTrKB 

VIALH 

BIPARENTAL OrPhPIlINO 

9 9 d'd" 

PERCENTAGE OP MALES 

AMONG B1PAKENTAL8 

32°C 

a 

i«7 

0 

23.04 


b 

252 

86 

25-44 


c 

149 

55 

26.96 


cl 

(>3 

23 

26.74 


e 

52 

22 

29.80 

27‘^r 

a 

267 

55 

17.08 


b 

288 

62 

17.71 


c 

2Q9 

87 

22.52 


d 

166 

46 

21.69 


c 

92 

31 

2S 20 

20“C 

a 

112 

12 

9.64 


b 

137 

16 

10.46 


c 

41 

9 

18.00 


d 

()6 

14 

17-50 

Totals 

a 

566 

123 

17-85 


b 

676 

164 

19.52 


c 

489 

151 

23-59 


d 

295 

83 

71.96 


e 

144 

S3 

26.90 


lower temperature. An increase to three caterpillars made no noticeable 
difference in the number of eggs laid at either temperature. Each cater¬ 
pillar was placed on a glass slide in the desired position and covered by 
a small dish containing the female wasp. When observations were made 
the slide was put on a glass stage of a low power binocular microscope 
under which was placed a mirror so that the eggs on the under surface could 
be counted by focussing down on the image. In no case was it necessary 
to move the caterpillar and thus endanger the results by shaking off 
the eggs. All egg counts were made in rooms held at temperatures to cor¬ 
respond to those of the incubators in which the eggs were being developed. 
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The eggs and the larvae for the high temperature group were counted 
every day until pupation occurred. Eclosion at this temperature took 
place seven and a half days after the wasps were set with the caterpillars. 

For the cool temperature group the eggs were counted on the first day 
after setting and the females were transferred to new caterpillars. At this 
low temperature the larvae did not begin to appear until the fourth day. 
In general if the eggs had not developed into larvae by the sixth day, they 
failed to develop at all. The larvae were then counted on the fifth and 
sixth days and checks were made on them every other day until eclosion. 
Eclosion began about the twenty-seventh day. 

In the cool temperature material after the seventh or eighth day, there 
were noticed several larvae which failed to increase in size and soon died. 
Although such inviable larvae were not found in the high temperature 
material developing at a rate almost four times as fast, they may never¬ 
theless have been present. The higher percentage of eggs producing larvae 
and the lower percentage of larvae producing pupae recorded for the low 
temperature material (table 3) may be thus explained. 


Table 3 

Stock ii-o females by stock ii males: egg-counting experiment. Totals, fecundity averages and viability 
percentages with standard errors at different culture temperatures. 


Temperatures 

3 *- 33 ”C 

i 8 - 2 on: 

Number of females 

II 

14 

Days set 

92 

284 

Eggs 

1839 

1990 

Larvae 

1284 

1624 

Pupae 

1048 

1227 

Biparental females 

428 

532 

Biparental males 

152 

67 

Impaternate males 

321 

508 

Egg production per day 

20 — 

7 -f 

Percentage of eggs producing larvae 

69.82 + 1.07 

81.61 +0.87 

Percentage of larvae producing pupae 

81.62+1.78 

7 S. 2 s±i .05 

Percentage of pupae producing adults 

84.o6±i. 13 

90.59 + 0.85 

Percentage of eggs producing adults 

48.98^ 1,16 

SS. 63 ±i.u 

Percentage of eggs producing females 

23.22 + 0.97 

26.73 ±0.98 

Percentage of eggs producing biparental males 

8.26±o. 72 

3 - 37 ±o .47 

Percentage of eggs producing impaternate males 

i 7 - 4 S±o -87 

2 S-S 3 ±o .98 

Percentage of males among biparentals 

»6.21 ±1.83 

ii.i8±i.28 

Percentage of biparentals 

64 - 37 ±i-S 9 

54 . II ±1.30 

In this experiment we find the percentages of males among biparentals 

at high and at low temperatures to be approximately the 1 

same as in our 

preliminary experiment. The percentages of biparentals 

are reversed, 

however, being higher in the high temperature group than in the low. 

This is |)robably due to the smaller number of impaternate males surviv- 
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ing at the higher temperature, percentage of eggs producing impaternate 
males. The high temperature, being slightly higher than in the preliminary 
experiment, may have reduced the viability of the males as has been pre¬ 
viously shown (Whiting and Anderson 1932). 

The percentage of eggs developing into biparental adults, both males 
and females, is but slightly higher (31.48 percent) in the high temperature 
material than in the low (30.10 percent). Nevertheless the percentage 
developing into biparental males is almost two and one half times as great. 
Evidently homeosyngamic fertilization rather than hcterosyngamic is 
favored by higher temperature. If it be supposed that higher temperature 
is differentially deleterious to the males among the biparentals, then 
homeosyngamy must be favored even more than the percentages indicate. 

Whiting (1935) suggested sex-reversal of the XX or YY combinations 
into females as an alternative to the hypothesis of differential maturation 
but did not think this at all probable, nor did he suggest any explanation 
for such a reversal. Snell (1935) proposed a multiple chromosome hy¬ 
pothesis according to which XX or YY might develop into females if 
heterozygous for any other sex-chromosome pair, ZW for example. The 
facts herewith reported cannot be explained by the multiple chromosome 
hypothesis since the material used was genetically homogeneous. 

summary 

A preliminary experiment with crosses of closely related stocks of 
Habrobracon showed an increase in males among biparental offspring but 
a decrease in biparentals as culture temperatures were increased. At all 
temperatures percentages of males among biparentals changed signifi¬ 
cantly with increasing age of mothers. 

An experiment in which eggs were counted showed that at the higher 
temperature the percentage of eggs producing impaternate males was 
decreased. Among biparental offspring males were increased and females 
correspondingly decreased. 

The conclusion is drawn that increased temperature increases mortality 
of males and increases homeosyngamy (male-producing combinations, 
X with X or Y with Y) at the expense of heterosyngamy (female-produc¬ 
ing, X with Y). 
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INTRODUCTION 

A gene has been found in wild populations of several related species of 
Drosophila, which causes any male which carries it to produce few or no 
sons. The cytological analysis has shown why this is so, and also bears 
on several problems in chromosome behavior. The gene is widely dis¬ 
tributed, both geographically and taxonomically, and raises a number of 
problems in population mechanics. 

HISTORICAI. 

In 1922 one of us found (Morcan, Briugks, Sturtkvant 1925) a 
strain of Drosophila affinis in which occasional males produced families 
consisting almost entirely of females. The data suggested that this pe¬ 
culiarity was due to the nature of the X chromosome carried by such a 
male, but the strain was lost before a detailed study could be carried out. 

Gkrshenson (1928) later found a similar gene in the European Droso¬ 
phila ohscura, and made a careful analysis. He showed that the gene is in 
the X, and that a male carrying it produces very few sons, regardless of 
the nature of his mate. Females homozygous or heterozygous for the gene 
give normal (i;i) sex ratios when mated to normal males, and are fully 
fertile. Mated to males carrjdng the sex ratio gene they give the same 
excess of daughters as do normal females in these circumstances. Egg 
counts showed that the “sex ratio” result is not due to the death of male 
zygotes, since there is no greater mortality from such cultures than from 
controls giving a i: 1 sex ratio. The “sex ratio” gene thus has the effect of 
causing a male that carries it to produce nearly all X sperm, instead of the 
usual 50 percent. 

Gershenson found the “sex ratio” gene to be present (heterozygous) 
in two of nineteen wild females studied. He pointed out that the gene 
should automatically increase in frequency in any population, since a 
male that receives it from only one parent transmits it to nearly all his 
offspring, while in females it is transmitted like any other gene. In fact 
such an increase does not occur, but the reason for this is unknown. 

In 1929 this same gene, or at least a gene with the same properties, was 
found to be present in wild Drosophila pseudoobscura near Pasadena. The 
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Table i 


Tested X chromosomes in wild females {N — normal^ S—sex ratio) 


LOCALITY 

YKAR 

N 

S 

LOCALITY 

YEAR 

N 

s 

Race A 




Race A 




British Columbia 




Colorado (North) 




Shuswap Lake 

1934 

3 

0 

Aspen 

1934 

2 

0 

Arrowhead 

1934 

4 

0 

Estes Park 

1935 

5 

0 

Nakusp 

1934 

5 

0 

University Camp 

1935 

4 

1 

Kaslo 

1934 

2 

0 

Pikes Peak (slope) 

193s 

5 

1 

Washington 




Pikes Peak (tree line) 

193s 

5 

1 

Metaline Falls 

1934 

7 

0 

Colorado (South) 6 * New 




Idaho Montana 




Mexico (North) 




Lake Coeur d’Alene 

1934 

II 

0 

Mesa Verde Nat. Park 

193s 

5 

I 

Bitterroot Mountains 

1934 

3 

0 

San Juan Mountains 

1935 

6 

0 

Oregon 




Zuni Mountains 

1935 

4 

2 

Days Creek 

1933 

2 

0 

Taos 

193s 

3 

0 

Wyoming 




Southern New Mexico 




Big Horn Mountains 

1935 

3 

0 

Pinos Altos Mountains 

1935 

4 

2 

South Dakota 




Magdalena 

193s 

3 

3 

Black Hills 

1935 

4 

0 

Carizozo 

1935 

4 

2 

Nebraska 




Mexico 




Scottsbluff 

1935 

4 

0 

Otinapa, Durango 

1935 

1 

1 

California 




Cuernavaca, Morelos 

1935 

6 

2 

Mount Lassen 

1934 

3 

0 

Cerro San Jose, Oaxaca 

1935 

4 

0 

Lake Tahoe 

1935 

2 

0 





Sequoia Nat. Park 

1933 

6 

0 

Race B 




Santa Lucia Mountains 

1934 

49 

I 

British Columbia 




Pasadena 

1932 

2 

0 

Quesnel 

1934 

1 

0 

Pasadena 

1933 

5 

3 

150-mile House 

1934 

1 

0 

Pasadena 

193s 

14 

3 

Oregon 




Fish Canyon 

1930 

5 

3 

Newport 

1933 

8 

0 

Big Bear Lake 

1932 

4 

I 

Reedsport 

1933 

13 

I 

Big Bear Lake 

1934 

12 

0 

(iold Beach 

1933 

II 

3 

Corona del Mar 

1932 

3 

1 

Days Creek 

i 933 

4 

0 

Henshaw Lake, near San Diego 

1934 

7 

I 

Oregon Caves 

1933 

4 

2 

Nevada 




California 




Charleston Peak 

1935 

3 

2 

Klamath 

1933 

14 

6 

Utah 




Eureka 

1933 

12 

3 

Cedar City 

1934 

2 

0 

Shelter Cove (Humboldt) 

1933 

10 

2 

Cedar City 

1935 

4 

0 

Mendocino 

1933 

4 

0 

Zion Nat. Park 

1934 

2 

2 

Mount Lassen 

1934 

5 

2 

Zion Nat. Park 

1935 

2 

2 

Lake Tahoe 

1935 

I 

0 

Bryce Nat. Park 

1935 

6 

0 

Sequoia Nat. Park 

1933 

7 

3 

Northern Arizona 




Santa Lucia Mountains 

1934 

8 

0 

Grand Canyon 

1935 

5 

0 





Flagstaff 

1935 

4 

2 





Southern Arizona 








Santa Catalina Mountains 

1935 

8 

4 





Santa Rita Mountains 

1935 

10 

2 





Chiricahua Mountains 

1935 

2 

4 










A. H. STURTEVANT AND TH. DOBZHANSKY 


476 

present paper gives the results of our study of the geographical distribu¬ 
tion and the cytological properties of this form, based chiefly on D. 
pseudoobscura. We have also made additional observations on Drosophila 
affinis and on two undescribed species near D. affinis in which “sex ratio” 
also occurs. 


GEOGRAPHICAL DISTRIBUTION OF “SEX RATIO” IN 
DROSOPHILA PSEUDOOBSCURA 

Tests soon showed that the “sex ratio” gene is present in both races 
(A and B) of D. pseudoobscura. Table i and figure i show its range. These 
data are based on tests of individual sons of females that were trapped 
out-of-doors. The attempt was made to test at least five sons from each 
female studied; in many cases fewer tests were actually made. The follow¬ 
ing convention was adopted: if both kinds of .sons (normal and “sex ratio”) 
were recovered, whatever the total number tested, it was considered that 
both X’s of such a female were tested; if two were tested and were found to 
be alike it was considered that only one of her X’s was tested; if three or 
more like sons were found it was assumed that both X’s of the mother 
were tested. Other kinds of tests have shown the existence of sex ratio in a 
few other localities not shown in table 1: one of the wild females collected 
at Scottsbluff, Nebraska (Race A), and one of thosa at Days Creek, 
Oregon (Race B), had mated in nature with a sex ratio male and gave 
a typical “sex ratio” result. These, together with the records from 
wild males (table 2) have not been included in the map (figure i), since 
they are not directly comparable quantitatively with table i. 


Tablk 2 

Tested wild males (N—nor mol ^ S—sex ratio) 


LOCALITY 

YKAR 

N 

S 

LOCALITY 

YKAH 

N 


Race A 




Santa Lucia Mis. 

1934 45 

2 

California 




Utah 




Big Bear Lake 

1932 

9 

0 

Bryce Nat. Park 

1934 

1 

0 

Big Bear Lake 

1934 

10 

0 

Cedar City 

1934 

3 

0 

Claremont 

1932 

2 

0 

Zion Nat. Park 

1934 

I 

I 

Fish Canyon 

1930 

3 

I 

Nevada 




Pasadena 

1932 

8 

3 

Las Vegas 

193s 

3 

0 

Arroyo Seco 

1935 

3 

0 

Arizona 




Henshaw Lake 

1934 

I 

I 

Gila, near Yuma 

1935 

0 

I 

Providence Mts. 

1935 

I 

0 

Race B 




Upper Kern Valley 

1934 

I 

0 

Upper Kern Valley, Calif. 

1934 

10 

0 


The map (fig. i) indicates that the “sex ratio” gene has a wide distribu¬ 
tion in both races. In the case of race A it has a maximum frequency near 
the Mexican border, and decreases to the north, disappearing not far 
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from the latitude of the northern boundary of California. The detailed 
data suggest also that the frequency decreases with increase in altitude. 
In southern California the Big Bear locality (7,000 feet) is much higher 
than the others (all under 4,000 feet), and has a lower frequency (1/17 
as opposed to 11/47). Zion Canyon, Utah (where 4 out of 8 tested chromo¬ 
somes carried sex ratio) is much lower than the neighboring localities 
(Cedar City, Bryce National Park, Grand Canyon) from which 17 tested 
chromosomes were all normal. In both of these cases the tests of wild 
males agree with those from sons of wild females. 

The distribution of “sex ratio” in race B is less clear. There may be an 
area of maximum frequency on the coast near the Oregon-California line; 
but more data from other regions are needed. 

PROPERTIES OF “SEX RATIo” 

Table 3 shows the results obtained from a representative series of “sex 
ratio” males. It will be observed that the number of males per 100 females 
ranges from o to 17, with an average of about 3 in race A, 8 in race B. 
The exact numbers are probably not significant, since there are indica¬ 
tions that the ratio may be modified by external agents such as tempera- 

Tablf. 3 

Testi of ‘^sex ratio" malex (no sex-linked mutants present to produce viability complications) 

RACE \ llACE B 


1 /)CAL 1 TY 

9 9 


cfd" 

PER 1 CX> 

9 9 

Wild males 

Zion Canyon 

27 J 

0 

0 

Henshaw Lake 

319 

0 

0 

Gila, near Yuma 

303 

2 

1 

Sons of wild females 

Pikes Peak 

297 

5 

2 

Zuni 

1S8 

6 

3 

Magdalena 

304 

4 

I 

Carizozo 

116 

20 

n 

Pinos Altos 

331 

4 

I 

Santa Catalina 

374 

26 

7 

Flagstaff 

460 

0 

0 

Chiricahua 

528 

5 

I 

Santa Rita 

379 

6 

2 

Zion Canyon 

IIOI 

10 

I 

Santa Lucia 

392 

13 

3 

Pasadena 

239 

9 

4 

Durango 

393 

I 

0 

Cuernavaca 

743 

0 

0 


LOCALITY 

9 9 

cfc?’ 

PER 100 

9 9 

Sons of wild females 
Gold Beach 

873 

66 

8 

Oregon Caves 

1063 

2 Q 

3 

Klamath 

2584 

262 

10 

Eureka 

916 

54 

6 

Shelter ("ove 

1334 

no 

8 

Lassen 

657 

74 

11 

Sequoia 

529 

S8 

11 
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ture, and also that it may be influenced by modifying genes. As will be 
seen from the table, however, there is never any difficulty in determining 
whether a given male is giving the usual ratio of approximately 100 
males per 100 females or the “sex ratio” result. 

The sex ratios given by females carrying the gene in question (cither 
homozygous or heterozygous) depend on the male used, and are not differ¬ 
ent from those given by homozygous normal females. It does not seem 
necessary to present numerical data to establish this relation. 

Preliminary experiments soon established that the “sex ratio” gene is 
sex-linked, and attempts were then made to locate it with reference to the 
known sex-linked genes of pseudoobscura. Here an unexpected result was 
obtained; females heterozygous for “sex ratio” were found to give greatly 
reduced crossing over in the right limb of the X. This result has been ob¬ 
tained with “sex ratio” from several different localities (Santa Lucia, 
Pasadena, Chiricahua, Pikes Peak, Pinos Altos, Magdalena, Durango in 
race A; Santa Lucia, Sequoia in race B), and it has been shown (by testing 
crossovers) that the reduction in crossing over is definitely associated with 

Table 4 

Frequency of crossing over in various crosses involving the standard and the ^sex ratio” in race A and 
B. In each case thefrequency of crossing over is shown in percentages^ and below is shown the 
total number of flies on which this percentage is based. 


LOCI 


CROW 

sc-y 

8f-/ y-v 

y-co 

W-8 


Jf-8 

f-mu 


mg-K 

ro-8 

A+/A-f- 


12.6 



4.0 


20.0 


47.0 




3617 



1616 


643 


251 


A-h/A sr 


13-3 



2.1 


45 


0.5 




1732 



1571 


920 


920 


A+/B 4 - 

0.0 

8.7 

23*8 



25.4 




4.7 


109 

492 

23s 



492 




23s 

A+/B sr 

0.1 


28.2 







48. 2 


882 


882 







882 

Asr/Asr 


16.s 




43-2 







176 




176 





Asr/B+ 


7.4 


6.8 









68 


2 I 6 







B+/B+ 


10.0 






47.1 




1109 IIOQ 


B+/Bsf 


137 

1170 


4.4 

1170 
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"sex ratio.” Genetic studies of homozygous Pasadena "sex ratio” and 
cytological studies (in cells of the larval salivary glands) of Santa Lucia 
and Zion "sex ratio” heterozygotes agree in demonstrating that this re¬ 
duction is due to the association of "sex ratio” with an inversion of a 
section of the right limb of the X chromosome, lying not far from the free 
end of the chromosome. The length of the inversion is equal to approxi¬ 
mately one-fifth of the length of this limb, as observed in the salivary 
gland chromosomes. The only other crossover reducer met with in this 
chromosome limb genetically, and the only other inversion seen in it cyto- 
logically, is that in which races A and B differ from each other (Lance- 
field 1929, Tan 1935). Accordingly it was desirable to see if race B "sex 
ratio” is also associated with an inversion, and also how the sr sequence 
of race A is related to the normal race B sequence. This problem has not 
been studied cytologically; but the genetic data of table 4 show the 
answer. There are three different sequences; the standard A which is 
identical with B; A; and standard B. 



0.1 8.7 25 .-^ 

, SC w s 
Asr/B+ 



Figure 2. Crossing-over frequencies in the X chromosomes in various crosses. 



48o a. h. sturtevant and th. dobzhansky 

In the case of standard A/sr B the actual data obtained are shown in 
table 5. Contrary classes are not equal in this case, a circumstance that is 
usual in A-B crosses (Dobzhansky and Sturtevant 1935). However, it 
is clear that crossovers in both regions 2 and 3 (the latter including the 
“sex ratio” gene) are viable. None of the classes showed unusual character¬ 
istics in excess of the high variability usual in the offspring of A-B back- 
crosses, so it may safely be assumed that no net duplications or deficiencies 
were produced, that is, the sequence of genes in the two chromosomes was 
identical. In general the A-B hybrids show rather more crossing over than 
is to be expected by comparison with pure A or pure B. This is due to 
the effects of inversions in other chromosome limbs (Schultz and Red- 
field, in Morgan, Bridges, and Schultz 1932). 


Table 5 


(A-t-) 

y CO 

s 

Crossing-over in 


-females 

(B sr) sc (i) 

(2) 

(3) 

classes in left-hand column; male offspring only) 

Non-crossovers. 

. ... 81 

245 

Singles, Interval i .. 

I 

0 

Singles, Interval 2... 

• • 93 

37 

Singles, Interval 3.. 

.... 122 

184 

Doubles, 2 and 3 — 

.65 

54 


TESTS with II-y translocation 

Schultz (1933) has reported briefly on a dominant mutant type known 
as Delta, that was associated with a II-V translocation. Delta males, 
mated by normal females, gave mostly normal daughters and Delta sons, 
plus a few Delta daughters (due to the production of XY sperm) and a 
few normal sons (XO, due to the production of sperm with neither X nor 
Y). This translocation was tried against “sex ratio” (Pasadena, A). From 
normal 9 XJr/Delta d' there were produced 1907-f 9 , 166-I- d, 14 Delta 
d. This result was unexpected, and remained unexplained until the cyto- 
logical study described below. It is now clear that it was correct in indicat¬ 
ing that the Y chromosome is actually absent in most of the sperm of a 
“sex ratio” male. In the present case the absence of Delta females is even 
more marked than in the case of H-/Delta male, where about 2.6 percent 
of the daughters were Delta; by comparison at least 49 should have been 
expected here, whereas none was found. 

SPERMATOGENESIS IN “SEX RATIO” MALES 

As shown above, the offspring of a male carrying “sex ratio” come from 
eggs fertilized by spermatozoa possessing an X chromosome but no Y 
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chromosome. Only a small fraction of the eggs are fertilized by Y-bearing 
sperm, or by spermatozoa free from either X or Y chromosomes. Since 
no significant increase of zygotic mortality is observed in sex ratio cultures, 
the possibility that the eggs fertilized by Y-bearing spermatozoa are in- 
viable is excluded. Hence, the explanation of the behavior of the “sex 
ratio” may be sought along one of the following two lines. First, the X- 
bearing and the Y-bearing spermatozoa may be produced in equal num¬ 
bers, but a majority of the latter may for some reason fail to fertilize the 
eggs. Second, the spermatogenesis may be so modified that only X-bearing 
sperm are produced. A cytological study was undertaken with the aim 
of securing some evidence bearing on this problem. A strain of race A 
rather than of race B, was selected for this purpose, because in the former 
the X and Y chromosomes are clearly distinct from each other in meiotic 
stages, whereas in race B the two chromosomes are more similar. 



Vkjuke 3. Spermatogonial metaphase plates from males carrying “sex ratio.” 
X = X chromosome, Y= V chromosome. 


Males from one of the “sex ratio” strains were crossed to lemales 
homozygous for the sex-linked recessives eosin, magenta, and short. The 
Fi females from cultures showing abnormal sex ratios were crossed to 
normal males, and in the next generation non-magenta males were se¬ 
lected. Since “sex ratio” is closely linked with magenta, these males must 
carrj' it. Testes of young males were fixed in Benda’s or Navashin’s fluid, 
sectioned y/z thick, and stained in iron haematoxylin. In the following 
description the spermatogenesis of the “sex ratio” males is compared with 
that in normal ones. For the information concerning the latter see the 
papers by Darlington (1Q34) and Dobzhansky (1934). 

The size, shape, and general structure of the testis in “sex ratio” males 
is normal. The spermatogonia are likewise normal; their resting nuclei 
have one, less frequently two, nucleoli with one or two satellites. The 
spermatogonial divisions (fig. 3) show a V-shaped X and a J-shaped Y 
chromosome, the somatic pairing being apparently as strong as in normal 
spermatogonia. 

The first spermatocytes (fig. 4a) have nuclei with the usual reticulum 
and several nucleoli of various sizes. Especially in preparations fixed in 
Navashin’s fluid, a careful examination shows that one of these nucleoli, 
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usually the largest one, is really a precociously condensed chromosome. 
It is split equationally, and appears as a very short and stout V, or as a 
broken ring, or as an angular mass. In strongly destained preparations 
this chromatin nucleolus, which is the Y chromosome, retains the stain 
longer than other nucleoli (fig. 4a). Since a precocious condensation of the 
Y chromosome has not been noticed in the normal spermatogenesis, a 
reexamination of the slides of normal testes has been made. The normal 
first spermatocytes have from one to several nucleoli; the single, or the 
largest of the several, appears usually as a regular sphere. In strongly de¬ 
stained or faded preparations the sphere shows a lighter core and a dark 



Figure 4 Spermatogenesis in "sex ratio” males, a, b— diakinesis; c-h—metaphase and ana¬ 
phase of the first meiotic division. N-—nucleolar fragments; X— X chromosome; Y - Y chromo¬ 
some. In d, f, g, and h only outlines of the autosomal bivalents are represented. 


surface. Only seldom faint indications of doubleness in the nucleolus are 
noticeable. The relations between this nucleolus and the Y chromosome 
are uncertain. (Dr. Hans Bauer kindly informs us that in his prepara¬ 
tions of the normal testes stained by the Feulgen method the nuclei of 
the first spermatocytes show no chromatin nucleolus. No satisfactory 
preparations of “sex ratio” testes stained in Feulgen’s have been seen, but 
here the relation between the nucleolus and the Y chromosome is rather 
clear. It follows that the precocious condensation of the Y chromosome 
in the nuclei of the first spermatocytes is the first visible sign of abnormal¬ 
ity in the spermatogenesis of “sex ratio” males.) 

At diakinesis (figs. 4d, 5a, b) three autosomal bivalents and unpaired X 
and Y chromosomes become visible. The autosomal bivalents appear in 
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side view as two rather intimately paired rods, and in end view as four 
equidistant dots. The appearance and the behavior of the autosomal 
bivalents at diakinesis and the first meiotic division are normal. The Y 
chromosome is strongly contracted, but the equational split is usually 
clearly visible (Y, figs. 5a, b). In early diakinesis (fig. 4d) the autosomes 
and the X chromosome appear, as usual, first as pale brownish bodies 
which acquire the full stainability only gradually. The Y chromosome 
stains much darker; its origin from the “chromatin nucleolus” of the pre¬ 
ceding stage can be followed with certainty. The X chromosome, despite 







Fk.ure 5. Spermatogenesis in “sex ratio” males, a and b —the X chromosome at anaphase; 
c and d ^anaphase of the first meiotic division; e~h—telophase of the same; i—metaphase, and 
j—telophase of the second meiotic division. X and Y— the X the Y chromosomes respectively. 



being an apparent univalent, is uncommonly large and stout (figs. sa -d). 
In favorable cells, in which one or both ends of the X chromosome are 
directed toward the observer, the cause of this is visible: this chromosome 
has two equational splits instead of the normal one, and is therefore quadri¬ 
partite instead of bipartite. Whether this quadripartite structure is present 
in all cells is doubtful, since in some the X chromosome is rather slender 
(figs. 4d, 5e), but it may be taken for certain that most cells do have 
quadripartite X's. It is, however, impossible to determine by direct ob¬ 
servation how far the double equational split goes in the body of the 
chromosome (as just stated, it is visible in the ends only). Since in normal 
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gametogenesis each chromosome is split into two sister strands along its 
entire length except at the spindle attachment where the two strands are 
held together, it seems simplest to assume that here too we have four 
chromatids converging to an undivided spindle attachment. Such an in¬ 
terpretation is in agreement with the observations on the later stages. 

At metaphasc the autosomes and the X chromosome become arranged 
in the loose equatorial plate characteristic for the first meiotic division in 
Drosophila pseudoobscura (figs. 5c-h). The Y chromosome takes no part 
in the equatorial plate and may lie anywhere on the spindle, in the equa¬ 
torial region as well as in the polar ones. The extraordinary persistence of 
the nucleolar fragments (N, figs, sa-g) during the first division seems to 
be characteristic for the spermatogenesis in the “sex ratio” males. In 
normal spermatogenesis the nucleolus of the first spermatocytes becomes 
pale and disintegrates already during the mid-diakinesis, although in some 
cases the fragments are visible up to metaphase. In the “sex ratio” the 
fragments are seen even in early anaphase (figs. 5!, g), and some of them 
are so large and heavily staining that for a time it was suspected that the 
univalent Y chromosome divides in some cells as early as the first division, 
which proved to be an error. 

At anaphase (fig. 4f-h, fig. sa-c) the spindle attachment in the quadri¬ 
partite X chromosome evidently undergoes a division, for the two daughter 
chromosomes, each showing one equational split, become directed toward 
opposite poles and away from each other. However, no immediate and 
complete separation takes place. One of the two arms of each daughter 
chromosome becomes free, while the other arms are held together for some 
time. The resulting configurations have a striking resemblance to those 
observed in the X-Y bivalents of normal Drosophila pseudoobscura by 
Darlington (1934, fig. 20), and attributed by him to the presence of 
two reciprocal chiasmata in one of the two arms of each chromosome. 
Whether or not the association of the two X chromosomes in our case is 
also due to chiasma formation is uncertain. An alternative explanation 
would be that the second equational split takes place in one arm somewhat 
later than in the other, and that the unsplit arms are temporarily held 
together by some force, for instance by an exaggerated somatic pairing. 
This involves the assumption that the division of chromonemata occurs 
in a condensed metaphase chromosome. One must also take into account 
that in some cells, more or less exceptional ones, somewhat different con¬ 
figurations may be seen, as in figure sd. Here both arms are associated with 
their homologues at their ends; one of the arms seems single rather 
than double, although this is not certain. In a f.ew cells (fig. 5!) the di¬ 
vision of the spindle attachment does not occur until late anaphase, and 
the quadripartite JC chromosome lags on the spindle. 
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At late anaphase and early telophase (iig. 50, g, h) three autosomal 
diads and one X chromosome may be seen passing to each pole. The X is 
split once equationally, and resembles in all particulars the X seen at one 
of the two j)oles in normal spermatocytes. The Y still continues to lag 
in the sjnndle; it remains much condensed and its spindle attachment end 
is not attenuated. The next stage is the diviMon of the cell and the forma¬ 
tion of second spermatocytes 

The second sj)ermatocytes (IMate ib) are normal exce])t for the fact that 
in some of them besides the normal nucleus also a small micronucleus is 
found, 'rhe micronucleus contains a single chromosome which is evidently 
the V chromosome. It follows that during the tirst meiotic division the 

is not included in either of the two telophase groups, but is left behind, 
and at the time of the fission of the cell body gets into one of the daughter 
cells forming there a separate* small nucleus. The chromosomes in the 
second spermatocyte*^, can fre*(iuenlly be counted; all among the sixty-four 
spermatocytes examined had an X chromosome and no chromosomes 
in their main nuclei It should be remembered, however, that the ‘‘sex 
ratio'’ strain used by us for the cytological investigation produces prac¬ 
tically only females, and that other strains give rise to some males as well. 
What hapjiens in the latter is unknown, it is possible that cells like that 
shown in tig .p* give rise to one s(‘cond sj)ermatocyte containing the X 
and one containing the Y. It is also jiossible that normal X-Y bivajents 
occur at the first division in some cells in “sex ratio” males. Some Y- 
b(‘aring spermatids were found in our strain as well (see below). 

The s(*cond meiotic division (Plate ic, tigs, si, j) is perfectly normal. The 
chromosomes in the main nucleus form an etiuatorial j)late, and at ana¬ 
phase the e(iuational halves pass to the opjxisite poles. ITe micronuclei 
containing the \ chromosome take no part in this division. They are not 
includ(‘d in the spindle, nor do they form small spindles of their own. The 
chromosome in the micronucleus becomes small and exceedingly con¬ 
tracted; the equational .split in it is no longer visible. It is included in one 
of the resulting spermatids. At the telophase of the second division the 
chromosomes in the polar groups can be counted if the spindle is viewed 
from the pole (Plate ic g). Most cells show five dots (Plate le), and by 
focusing it is ])Ossible to see that two of the live dots unite at a lower level. 
These are the two limbs of the X, hence one X and three autosomes are 
present in such a telophase group. Such counts were made in 200 telo- 

DESCRIPTION OF PLATE I 

Spermatogenesis in “sex ratio” males, a—first spermatocyte; b - a second spermatocyte with 
a micTonucleus; c--the second meiotic division; d early diakinesis, e, f, and g polar views of 
the telophase groups at the end of the second meiotic division. 



486 A. H. STURTEVANT AND TH. DOBZHANSKY 

phase groups. The results were: 195 groups with X but no Y; 3 groups with 
a Y but no X (Plate ig); and 2 groups with one X and one Y (Plate i 4f .)^ 

The spermatogenesis is normal: some of the young spermatids have a 
micronucleus with the Y chromosome, but in somewhat later stages the 
micronuclei are no longer visible. What is their final fate is uncertain; 
probably they are discarded together with the excess cytoplasm. Cross- 
sections of the cysts of mature or semi-mature spermatozoa offer' the 
opportunity to count the number of spermatozoa per cyst. The normal 
number is close to 128 (meiosis occurs in groups of 32 cells, this results 
in 128 spermatids, Dobzhansky 1934). In the “sex ratio” males about 
four cysts were counted, and the resulting numbers were not far from 
128. There is no indication whatever that any spermatids die, or that 
some of the spermatozoa in a cyst are abnormal. 

OCCURRENCE OF “SEX RATlo” IN OTHER SPECIES 

As pointed out in the introduction to this paper, “sex ratio” has been 
reported in D. affinis Sturtevant and D. obscura Fallen. I'hese two species 
are rather similar to D. pseudoobscura Frolowa; there are also several 
European and North American species of the same group (mostly un¬ 
described), some of which we have investigated. The European species are 
being studied by Mr. J. E. Collin (Newmarket, England), whose manu¬ 
script name subobscura is here used for the commonest British species. 
This is the form whose chromosomes are listed {fide C. W. Metz) by 
Morgan, Bridges and Sturtevant (1925, p. 182), under the designation 
“undescribed European species near D. obscura.^' The species here listed 
as obscura P'allen may or may not be the same as that used by Gershen- 
son (1928), since the cytological account of Frolowa and Astaurow 
(1929) indicates that at least two Russian forms occur, both different from 
Metz’s account of subobscura. We have in preparation an account of some 
of the American forms; the species here listed as alhabasca, azteca, and 
algonquin will be described there. 

Table 6 shows the data obtained from wild specimens of these various 
species—data of the same type as those of tables i and 2 show for D. 
pseudoobscura. 

In the cases of affinis and athabasca from Woods Hole, and of azteca 
from Cerro San Jose, Oaxaca, Mexico, wild females were found that gave 
few or no sons. We may assume that these had mated with “sex ratio” 
males. 

“Sex ratio” thus occurs in pseudoobscura A, pseudoobscura B, obscura^ 
affinis^ athabasca^ and azteca; it was not found in subobscura or algonquifty 

‘ This figure may also be interpreted as resulting from non-disjunction of one of the auto- 
somes; if so an X, four autosomes, and no Y are visible in this group. 
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but may well be present in them in other localities. The question arises, 
are we dealing with the same gene in all these cases? That the essential 
properties are the same is clearly indicated. As shown above, in both races 
of pseudoobscura the gene is located in the right limb of X, is associated 
with an inversion, and males carrying it give similar frequencies of sons. 
In obscura^ Gershenson has established all these points except the region 
occupied in the X and the presence of an inversion. In affinis we have found 
a similar frequency of sons, have shown the gene to be in the X, and 
salivary gland preparations of heterozygous females show an inversion 
in the X. In athabasca and azleca the evidence is less complete, resting 
chiefly on the sex-ratio itself, though some experiments with athabasca 
are at least consistent with the sex-linkage of the gene concerned. 

T 4 ULE 6 

Occurrence of ^'sex ratio'" genes in species other than D pseudoobscura 





X’sot WILD 9 9 

WILD ( f(f 

SPKt’lKB 

LOeVLITY 

YEAR 

— - - 

-— 

— 

— 





sr 

f 

nr 

obscura 

Berlin, Oernuny 

193.^ 

2 

0 

I 

0 

obscura 

Birmingham, England 

1932 

2 

0 

3 

0 

obscura 

Newcastle, England 

1933 

0 

0 

5 

0 

obscura 

^Moscow, Russia 

1925 

3 h 

2 

0 

0 


(CjKRsulnson 1025) 






subobscura 

Berlin, (iermany 

1933 

0 

0 

3 

0 

subobscura 

Birmingham, England 

1032 

17 

0 

77 

0 

subobscura 

Newcastle, I:^ngland 

1933 

19 

0 

26 

0 

affinis 

Woods Hole, Mass 

1932 

4 

0 

12 

1 

affhms 

Woods Hole, Mass. 

1933 

3 

0 

0 

0 

affinis 

Woods Hole, Mass. 

1935 

12 

2 

95 

8 

affinis 

Kushla, .\la. 

1935 

7 

0 

8 

0 

aigonquin 

Woods Hole, Mass. 

1932 

I 

0 

r 

0 

algonquin 

Woods Hole, Mass, 

1933 

2 

0 

0 

0 

aigonquin 

Woods Hole, Mass. 

1935 

8 

0 

10 

0 

algonquin 

Mendham, N. J. 

1932 

2 

0 

0 

0 

athabasca 

*Woods Hole, Mass. 

^935 

0 

I 

I 

2 

athabasca 

Quesnel, B. C. 

1934 

3 

0 

0 

0 

athabasca 

Kaslo, B. C. 

i 934 

4 

0 

0 

0 

athabasca 

Shuswap Lake, B. C. 

1934 

2 

0 

0 

0 

athabasca 

Arrowhead, B. C. 

1934 

2 

0 

0 

0 

athabasca 

Cape Flattery, Wash. 

1934 

2 

0 

0 

0 

azteca 

Cuernav^aca, Mexico 

1935 

5 

0 

0 

0 

azteca 

Oaxaca, Mexico 

193s 

2 

0 

0 

0 


Species identification somewhat uncertain. 
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DISCUSSION 

Some items in the spermatogenesis of the “sex ratio” males have a rather 
general interest. In the first spermatocytes the X chromosome undergoes 
two equational splits while the rest of the chromosomes split once. This 
shows that the division of the chromonemata is not necessarily induced 
by the physiological condition of the nucleus as a whole, but can proceed 
independently in different chromosomes. This is not new, for in some 
interspecific hybrids the univalent chromosomes may undergo splitting 
both at the first and at the second meiotic divisions, while the bivalents 
split equationally only once. Nevertheless, our case remains unique since 
here the extra split in the chromosome is known to depend upon the pres¬ 
ence of a factor (or a group of factors) localized in a relatively short section 
of the chromosome involved. The further behavior of the quadripartite 
X chromosome, and especially the formation of the chiasma-like associa¬ 
tion between the division products in this chromosome, clearly has a bear¬ 
ing on a number of theoretical problems connected with crossing-over and 
general chromosome structure. Since, however, we do not consider it 
established that real chiasmata are here found, a further discussion of this 
point is premature. 

Following Darlington, one might suppose that the reason for non¬ 
pairing of the X and Y chromosomes in the “sex ratio” gametogenesis is 
the extra split in the X chromosome. This, however, helps little in account¬ 
ing for the subsequent behavior of the X and Y chromosomes. Why, for 
instance, does the Y chromosome show a precocious condensation and 
heteropycnosis, and the X behave like the autosomes? Or why is the Y 
chromosome left in the cytoplasm instead of becoming included in one 
of the telophase groups? Its univalent condition does not account for 
either of these phenomena, since the univalents in the hybrids between 
the A and B races of Drosophila pseudoobscura are frequently included in 
the telophase groups, and if they form separate micronuclei they show 
signs of activity at the next division (Dobzhansky 1934). The only visible 
difference between the univalents in the hybrids and the univalent Y in 
the “sex ratio” is that in the former the spindle attachment becomes active 
after a more or less prolonged delay (as shown by the attenuation of the 
attachment region), while in the latter no such “activity” is observed. 
The inherent difficulty of the causal analysis of the behavior of the Y 
chromosome in the “sex ratio” males lies in the fact that the genetic factor 
responsible for the whole complex of the deviations in the course of the 
spermatogenesis is located in the X chromosome only. Despite this, much 
of the abnormality concerns not the X but the Y chromosome. 

“Sex ratio” is associated with an inversion (as compared with the normal 
X) in both races of pseudoobscura and in affinis {obscura, athabasca, and 
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azteca have not been examined for this point). It seems clear that this 
association cannot be an accidental one, but there are two reasons for con¬ 
cluding that the inversion as such is not an essential part of the mechanism 
responsible for the peculiarities of the “sex ratio” X. First, these peculiari¬ 
ties occur only in males which have a single X and are not heterozygous 
for an inversion, since the region of the X concerned is presumably not 
one that is in any sense homologous to the Y. Second and more significant, 
the “sex ratio” sequence of pseudoobscura race B is identical with the 
normal sequence of race A, so that “position effects” resulting from the 
inversion are excluded. One possible interpretation of the significance of 
the inversions is suggested below. 

Gershenson (1928) pointed out that “sex ratio” should automatically 
increase in frequency in any population containing it, since a heterozygous 
male transmits the gene to nearly all his offspring, while a female (either 
homozygous or heterozygous) transmits it in the same frequency as any 
other gene. Clearly this would be fatal to the race if it did occur; we have, 
for example, collected a fertilized wild female that gave 236 daughters 
and one sterile son. It is equally clear that the expected increase in fre¬ 
quency does not occur in nature. Wild populations are somehow kept in 
equilibrium; but the nature of the counteracting influence can only be sur¬ 
mised, It must be of such a magnitude that it brings about a result equiva¬ 
lent to the production of only about half as many offspring by a “sex ratio” 
male as by a normal one, on the average. Such an influence should be easy 
to detect experimentally, but preliminary attempts to locate it have not 
been successful. These studies are being continued. 

Gershenson's point suggests a possible interpretation of the signifi¬ 
cance of the inversions associated with “sex ratio.” If “sex ratio” is 
in reality not one gene, but two or more complementary ones located in 
the same general region of the X, then in the absence of an inversion the 
two would constantly be separated by crossing over and the automatic 
increase in frequency would be slow. If an inversion occurred in an X that 
happened to carry both of these hypothetical genes, their separation would 
be prevented and automatic increase would set in. 

The algebraic analysis of populations containing “sex ratio” is difficult, 
and may best be postponed until more evidence is available concerning 
the nature of the equilibrium that occurs. These remarks apply even more 
obviously to the hypothesis of complementary genes just suggested. 

SUMMARY 

I. “Sex ratio” (symbol sr) lies in the right limb of the X of races A and 
B of Z>. pseudoobscura. 
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2. Males carrying sr give offspring consisting mostly of females, regard¬ 
less of the nature of their mates. 

3. Cytological study shows that, in “sex ratio” males, the X undergoes 
an equational division at each meiotic division, the Y degenerates, and 
the autosomes behave normally. 

4. The sr gene is widely distributed in wild populations of both races 
of pseudoobscura, and what appears to be the same gene occurs also in 
wild populations of the closely related species obscura, affinis, athabasca, 
and azteca. 

5. “Sex ratio” is associated with an inversion in both races of pseudo¬ 
obscura and in affinis, the other three species not having been studied. 

6. In pseudoobscura three sequences occur: sr A, normal B, and one 
that is common to normal A and sr B. 
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INTRODUCTION 


E ach of the ten groups of linked genes in maize has been associated 
with a specific member of the haploid set of ten chromosomes. The 
morphology of the ten chromsomes has been studied at pachytene by 
McClintock (1933) and each niember found to differ from the others in 
such characters as length, position of the spindle fiber insertion region and 
presence of deeply staining knobs in definite positions, so that they can be 
recognized by their morphological characteristics. 

The fifth longest chromosome of the haploid set of maize has a spindle 
fiber insertion region that is nearly median, dividing the chromosome into 
two arms. The ratio of the length of the two arms is i. i: i .o. In certain 
strains the longer of the two arms, however, is differentiated at pachytene 
by the presence of a deeply staining knob that makes it easy to distinguish 
between the two nearly equal arms of the chromosome. 

Plants which possess an extra chromosome V are said to be trisomic for 
this chromosome. 'I'hese trisomic plants differ markedly in appearance 
from their disomic sibs and it is possible to classify a segregating progeny 
into trisomic and disomic types with considerable accuracy. For this reason 
plants trisomic for chromosome V have been successfully utilized in an at¬ 
tack on certain problems. 

There are two secondary trisomes possible for each primary trisorae 
since the extra chromosome in the secondary trisome is composed of two 
identical arms, that is, one of the arms of the chromosome is represented 
twice in the extra chromosome. One of the two secondary trisomes for 
chromosome V has been found (Rhoades 1933b). The extra chromosome 
consisted of two short arms of chromosome V. This secondary differed 
strikingly in appearance from both primary trisomes and disomes. 


OCCURRENCE OF A FRAGMENT PLANT 

An individual which was intermediate in its appearance between its 
trisomic and disomic sibs arose in the progeny of a chromosome V primary 
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trisome. Cytological examination of this exceptional plant showed that it 
contained a fragment of chromosome V. Studies at pachytene showed that 
this fragment consisted of the entire short arm of chromosome V with a 
terminal spindle liber insertion region. That the break which produced the 
fragment occurred exactly at the spindle fiber region is indicated by the 
fact that in many clear pachytene figures no evidence of any chromatic 
material on one side of the insertion region was ever found. The nature of 
this fragment in its relation to a normal chromosome V is shown diagram- 
matically in figure j. 



Figure i. —Diagrammatic representations 
of normal chromosome V showing relative 
length of the two arms, position of spindle fiber 
insertion region, location of knob and of frag¬ 
ment chromosome which consists of the entire 
short arm of chromosome V and which has a 
terminal spindle fiber insertion region The in¬ 
sertion regions are designated by the stippled 
areas. 



Fic.i’RE 2. Trivalent groups of the two 
normal and the fragment chromosomes at 
metaphasc 1 showing the orientation of the 
fragment chromosome to be such that it dis¬ 
joins to the same pole as one of the normal 
chromosomes 


As previously reported, maize plants trisomic for chromosome V differ 
markedly in their appearance from their disomic sibs. Especially notice¬ 
able are the thick broad leaves with relatively blunt tips, the stubby tas¬ 
sel and the reduced height of the trisomic plants. Plants carrying the short 
arm of chromosome V in excess are intermediate in appearance between 
primary trisomes and disomes. 

CYTOGENETICS OF FRAGMENT CHROMOSOME 

Cytological observations of microsporocytes at metaphase I showed 
that the fragment chromosome was associated with the two normal 
chromosomes V in approximately 53 percent of the cases to form a tri¬ 
valent group. This frequency of trivalents is considerably lower than the 
85-90 percent found in plants trisomic for the whole chromosome V. If 
assortment of the members of the trivalent group is completely random 
six gametic types are possible. If these six types are produced with equal 
frequencies the genetic backcross ratio from a plant carrying two dominant 
and one recessive alleles {A A a) would be $A:\a. (This ratio ignores the 
effect of chromatid crossing over on genetic ratios.) Random assortment 
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of the three homologous chromosomes occurs in primary trisomes but the 
occurrence of univalents and their failure to pass to either pole in anaphase 
results in a deviation of the genetic ratio from a 5:1 to about 3 35:1 
(Rhoades 1933a) for genes in chromosome V. 

Typical trivalent figures involving the fragment chromosome are shown 
in figure 2. The orientation on the metaphase plate of the trivalent group 
was such that the fragment would pass to the same pole as one of the 
normal chromosomes and was rarely of the type that would permit the 
two normal chromosomes to pass together to one pole while the fragment 
went to the other pole. Only four gametic types are usually formed. The 
theoretical gametic ratio for genes located in the short arm would be 
3^ : ifl if the four gametic types are formed with equal frequencies and if 
the dominant allele is carried in the fragment chromosome and in one of the 
two normal chromosomes. 


-f 



Fk.i RK 3 Diagrammatic representation of the four gametic types produced by a frag¬ 
ment plant 1'he locus a^, which is included in the fragment, is used to mark the different chromo¬ 
somes. 


The rare occurrence of primary trisomes in the progeny from fragment 
plants substantiates this idea of a non-random segregation of the members 
of the trivalent group.*^ Since the spindle fiber insertion region of the frag¬ 
ment chromosome is comimrable in size with that of the two normal chro¬ 
mosomes, the failure of occurrence of random segregation indicates that 
the insertion region does not of itself control chromosome segregation. 
Such a conclusion has been reached on genetic grounds by Dobzhansky 
and Sturtevant (1931) in their studies on Drosophila translocations. The 
four gametic types from a fragment plant are shown diagrammatically in 
figure 3. 

* Actually i 5 percent of the progeny from a fragment plant, used as the female parent, are 
primary trisomes. The occurrence of these primary trisomes has a slight effect upon the genetic 
ratios but this has been disregarded to facilitate calculations. 
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When a trivalent group was present at metaphase, disjunction occurred 
and the three chromosomes were distributed between the two poles. If a 
bivalent and a univalent were present, however, the behavior of the uni¬ 
valent was variable. Often it never reached the metaphase plate and re¬ 
mained in the cytoplasm during the formation of the daughter nuclei. If it 
reached the metaphase plate it was often late in beginning its migration 
to one of the two poles and consequently was not included in the telophase 
nuclei. Occasionally the univalent apparently succeeded in reaching one 
of the poles and was, therefore, included in the nucleus.^ So far as observed 
the univalent never divided in the first meiotic division. If a univalent was 
present it was always the fragment chromosome. 

Knowing that only four gametic types are formed, that trivalent groups 
are formed at metaphase in about 50 percent of the cells, we can calculate 
the gametic ratio for a gene located in the short arm of chromosome V if 
we assume that only those fragment chromosomes which were members 
of trivalent groups reach the pole. Based on the above the expected back- 
cross ratio from fragment plants of AAa constitution with a in one of the 
normal chromosomes is 5^ :3a or 37.5 percent recessives. 

Studies at pachytene showed that the fragment was often f)aired with 
the two normal chromosomes. The fragment was paired in approximately 
one-half of the microsporocytes. The difficulty in interpreting all figures 
makes this ratio of doubtful value but there was at least rough agreement 
between the frequency of trivalent complexes observed at pachytene and 
at metaphase. 

That the insertion region is not the place where synapsis must be initi¬ 
ated is indicated by the following observations at pachytene. In those 
microsporocytes in which the fragment had paired with the short arms of 
the two normal chromosomes V the terminal insertion region of the frag¬ 
ment chromosome was usually some distance removed from the insertion 
regions of the normal chromosome. In most synaptic configurations it was 
some distance from the terminal insertion region of the fragment to the 
place where the fragment first paired with one of the normal chromosomes. 
Pairing between the three homologous arms was always between two of 
the three chromsomes, that is, one of the chromosomes was always un¬ 
paired at any given region. There was never any tendency for all three 
chromosomes to be associated at the same point. The fact that the inser¬ 
tion region of the fragment chromosome had no tendency to be associated 

^ If the fragment chromosome was paired with the two normal chromosomes at metaphase it 
had a characteristic V-shaped appearance during anaphase I as it passed to one of the two poles. 
On the other hand if the fragment chromosome was unpaired at metaphase it had a ball-like or 
spherical shape at anaphase. In an occasional figure a spherical fragment chromosome accidentally 
lay so near one of the poles that it probably would be included in the telophase nucleus. 
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with the insertion regions of the normal chromosomes V indicates that the 
insertion regions in themselves have no specific attraction. In disomes at 
pachytene the insertion regions of two synapsed chromosomes lie side by 
side. This is probably caused by their being brought together by the 
syhapsing of the homologous loci on either side and not because of any 
specific attraction to one another. It was not uncommonly observed that 
even though the three homologous arms were involved in a synaptic com¬ 
plex the terminal insertion region of the fragment was attached or stuck 
to the insertion regions of other pairs of chromosomes. This “stickiness” 
of insertion regions has often been observed in normal preparations and is 
not a characteristic feature of the insertion region of the fragment chromo¬ 
some. 



Ki(;i;re 4. —(Camera lucicla sketch of synaptic relationships of the fragment chromosome and 
the two normal chromosomes \ at pachytene. In this figuie the insertion region of the fragment is 
in ju.Ktaposition with the two insertion regions of the normal chromosomes. One of the normal 
chromosomes has a deeply staining knob in the long arm. 

In those sporocytes in which the fragment was present as a univalent 
at pachytene it was less contracted than the paired short arms of the two 
normal chromosomes V with which it is homologous. Huskins and 
Hearne (1933) observed a similar attenuation in unpaired chromosomes. 
Non-homologous pairings (foldbacks) were of infrequent occurrence in the 
unpaired fragment. The cquational split of the unpaired fragment chro¬ 
mosome into two chromatids was clearly evident at pachytene. Of con¬ 
siderably more interest was the observation that the terminal insertion 
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region of the unpaired fragment in some cells, where it was not stuck to 
other insertion regions, appeared to be split or divided at pachyten'e. The 
distal end of the insertion region was cleft to form a heart-shaped struc¬ 
ture. As the diagrammatic sketch of the fragment chromosome in figure 5 
illustrates there is a concentration of deeply staining chromatin near the 
insertion region while the more distal portions contain much less deeply 
staining material. A considerable amount of genetic data strongly suggests 
that the disjunction of the insertion regions is always rcductional in the 
first meiotic division. Darlington (1931) in his theory of meiosis accounts 
for this by assuming that the split of the insertion region occurs some time 
after the equational split of the chromosome into two chromatids. If the 
observation of the split nature of the terminal insertion region of the un¬ 
paired fragment is to be considered applicable to paired chromosomes, then 
the previous failure to observe the double nature of the insertion region at 
midprophase is probably due to its homogenous appearance and because 
its usual interstitial location is such as to conceal the split if it occurred. 
Only when the insertion region is favorably located, that is, terminally, 
could the split be evident. There is, of course, the possibility that the 
split condition of the insertion region of the unpaired fragment is not repre¬ 
sentative of conditions in paired chromosomes with internal insertion re¬ 
gions. Moreover, if the insertion does split at the same time as the chromo¬ 
some there is no reason why the two daughter insertion regions cannot be¬ 
have as ^^one effective insertion region’^ at metaphase and anaphase. 

Lewitsky (1931) and others hold that no chromosome has a strictly 
terminal insertion region. It is true that none of the normal complement 
of maize chromosomes (McClintoc k 1933) has a terminal insertion re¬ 
gion but Lewitsky^s statement does not hold for the fragment chromo¬ 
somes described in this paper since conditions for cytological observations 
are exceptionally good at pachytene in maize and the fragment chromo¬ 
some clearly had a terminal insertion region. The fragment chromosome 
was as stable as the regular complement of 20 chromosomes in its behavior 
throughout all the somatic mitoses and no irregularities were manifested. 

LOCATION OF GENES IN LONG AND SHORT ARMS OF CHROMOSOME V 

Since the fragment consists of the entire short arm of chromosome V it 
can be employed in determining which of the genes located in this chromo¬ 
some are situated in the short arm and which are in the long arm. The A2 
locus will be used as an illustration of how this was accomplished. A plant 
carrying the fragment and homozygous for A2 was pollinated by a plant 
homozygous for ^2 and forAiCR, the other factors concerned with aleurone 
color. The Fi fragment plants were then backcrossed with recessive 02 pol¬ 
len. If the ^5} locus is in the short arm of chromosome V a deviation from 
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a I: I backcross ratio will bo had for The magnitude of the deviation 
will depend upon the frequency with which the fragment chromosome, 
which carried the dominant allele, is included in functioning female gametes. 
The fragment chromosome was paired with the two normal chromosomes 
at metaphase I in about 50 percent of the microsporocytes. If we assume 
that a similar condition holds for the megasporocytes and if we make the 
further assumption that the unpaired fragment chromosome does not suc¬ 
ceed in reaching either of the two poles in anaphase I, and is consequently 
lost, the expected ratio of A2:ch seeds in the backcross of fragment plants 
is 5.I0:5(72 seeds. Table I gives the ratio of A2:(22 seeds actually found and 
indicates that A 2 is in the short arm of chromosome V. Disomic sister 
plants gave 869 A2 seeds to 890 ^2 seeds or a 1:1 ratio. The average of 



iKiUKK 5 Diagrammatic sketch of an unpaired fragment chromosome at pachytene The 
ctjuational split into two chromatids has occurred and the heart-shaped appearance of the terminal 
in«ei tion region suggests that it also is double at this stage There is more deeply staining chroma¬ 
tin near the insertion region than in the more distal portions of the chromosome 

33.6 percent recessives suggests that cither approximately 67 percent of 
the megasporocytes had a trivalent group or else that the unpaired frag¬ 
ment reached one or the other of the two poles in the first anaphase with 
a considerable frequency. A more useful and eflicient test for the presence 
of any locus in the short arm is the occurrence of fragment plants which 
are homozygous for the recessive gene in the backcross progeny of a frag¬ 
ment plant carrying one recessive allele in a normal chromosome. If the 
locus under consideration is in the short arm, no fragment plants will occur, 
barring the rare occurrence of exceptional individuals through chromatid 
crossing over, which are homozygous for the recessive allele. This latter test 
was used for all the genes tested, as it required fewer plants and was of a 
more critical nature. 

Linkage group 5 contains 23 genes. The order of the following genes in 

bv pr ys V2 , 

the genetic map is correct,-^-, according to the data sum- 

o 6 12 31 40 72 

marized by Emerson et al (1935). The exact location of the other genes 
in the linkage map is uncertain. Eight of the 23 genes in this chromosome 
were tested against the fragment. The T2, Vs^ Pr, Vn, F3 and Bh loci were 
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found to be in the long arm of chromosome V while only A 2 and Bm, were 
situated in the short arm. Of especial interest is the placing of Bmi and 
B(i on opposite sides of the spindle fiber insertion region as these two loci 
show little crossing over (Burnham and Rhoades in Emerson et al 1935). 
A 2 is only some 6-7 crossover units from B(i, which is in the long arm, 
and it occupies, at present, the leftmost position of all the factors in the 
genetic map of chromosome V. If the magnitude of crossing over per unit 
of physical length is the same in the two arms of the chromosome, and we 
have no reason to believe otherwise, the length of the genetic map for 
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chromosome V is due for a considerable extension as new genes are located 
in the short arm to the left of At. Three-point backcross data for 
Bmi — Pr—Vt are available. Bmi is so close to the insertion region that we 
can consider the amount of crossing over between Bm^—Pr essentially 
equal to that between the spindle fiber and Pr. Let us calculate, as best 
we can, the approximate length of the genetic map for the long arm of 
chromosome V. The three-point backcross data give the following recom¬ 
bination values; Bin\ — Pr — 22.3 percent, Pr — V2 = 43.4 percent. According 
to Haldane’s (1919) table for estimating the map distance from recom¬ 
bination percentages the map distance for the Bmi — Pr interval is 24.5 
units and that for the Pr —F2 interval is 60.8 units. The sum 85.3 units 
gives an estimate of the map distance from the insertion region to the Vi 
locus but we do not know how far removed F* is from the end of the long 
arm. Since the two arms of chromosome V are nearly equal it appears that 
the length of the genetic map for this chromosome will exceed 170 map 
units. 





CHROMOSOME FRAGMENT IN MAIZE 


499 

In the course of the studies with the fragment several plants were ob¬ 
tained which carried either recessive a2 or bmi in the two normal chromo¬ 
somes V and the dominant allele in the fragment chromosome. Con¬ 
sidering the bm\ locus these plants were of the following constitution: 
bm\Fr!bmipr!Bm\ and for the locus had a^prla^prl constitution. 
When a plant carrying the bmi gene was used in reciprocal crosses with a 
recessive individual the following results were obtained: 

P'rom the above data where the fragment was used as the pollen parent 
it is evident that even though the fragment plant was Bm^ in phenotypic 
appearance it bred true for bmi excepting those cases where fragment pol¬ 
len functioned or where a crossover had occurred which transferred the 
BfU] allele to a normal chromosome. 

The following calculations can be made from the data in table 2. (i) The 
percentage of functioning eggs carrying the fragment chromosome was 33. 


hnti Pr 

-1— 

hmi pr 




Tahle 2 

X 


hmi ^ pr 


hmx pr 


FR^GIIKVT PLANT Afe PEMALK 


2\ PRlMlENV 


>S-rFRAGMENT PROGENY 


Pr hm \—()2 
Pr Bmi—1 
pr bm\— 64 
ich. hmy 45 


Pr 

pr Bnh—zS 
U'h J3wi--T9 


FRAGMENT PLANT AS MALE 

iN PKOGEM 2.N-t'FRAGMENT PROGENY 

Pr Bmi—s 
pr Bwi —I 
U'/f Btfii —2 


The abo\'e crosses were segregating for colored and colorless aleurone. The colorless (wh.) 
class was included because of the hm\ data. 


Pr hmi — 14 () 
PrBnti-i 
pr hmi —109 
pr Bmy- I 
u'h. hmy- 123 


(2) The frequency of crossing over between the fragment chromosome and 
one of the normal chromosomes in the Bwi-insertion region was .5 percent. 

(3) I'wo percent of the functioning pollen from the fragment plant was 
hyperploid for the fragment chromosome. Incidentally the transference of 
the Bmi gene from the fragment chromosome to one of the normal chromo- 
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somes could be used as cytological proof of genetic crossing over if such 
evidence were needed after the conclusive work of Stern (1931) and 
Creighton and McClintock (1931). Obviously a more critical proof 
would be the transference of the recessive hm^ allele from a normal chromo¬ 
some to the fragment chromosome. Such crossovers have occurred in other 
progenies. 

More extensive data from reciprocal crosses similar to the above were 
obtained for the locus. The percentage of fragment eggs was 33. The 
percentage of functioning fragment pollen was 1.2 and the amount of 
crossing over, based on a thousand individuals, between the fragment 
chromosome and the normal chromosomes in the ^2-insertion region in¬ 
terval was six percent. Jenkin's (1934) data places A2 and Bh 7 units 
apart. Therefore the map distance from yl2 to the insertion region is not 
more than 7 units. The frequency of crossing over between the fragment 
and the normal chromosome in the ^2-insertion region interval was six 
percent. It would seem then that the frequency of crossing over in this 
interval was the same in disomes as in fragment plants But the fragment 
is associated with the normal chromosome in approximately 50 percent 
of the microsporocytes. Therefore the cross over value of six units should 
be doubled. This indicates that crossing over for this interval, when the 
fragment is associated with the two normal chromosomes, occurs consider¬ 
ably more frequently in fragment plants than in diploids. 

The results obtained from this study of the fragment chromosome agree 
with previously known facts concerning the order of genes in this chromo¬ 
some. McClintock (1932) placed the Bnti locus in the short arm near the 
insertion region from her work with ring-shaped fragments. Moreover, 
cytogenetic studies with a reciprocal translocation (Rhoades 1933c) in¬ 
dicated that Bti and Bnt] were both near the insertion region of chromo¬ 
some V. Stabler (1935) obtained a deficiency foT the locus. This defi¬ 
ciency occurred in the long arm of the chromosome. In addition to sub¬ 
stantiating the above, the fragment studied places the two closely linked ‘ 
genes Bh — Bmi (1-2 units apart) on opposite .sides of the insertion region. 
Moreover it definitely places six loci in the long arm and two in the short 
arm of chromosome V. 

When plants of bmiPr/Bmipr/Bnh constitution were used as the pollen 
parent in a backcross the following data were obtained: 515 Pr 6^1:568 
pr 5^1:383 Pr 6^1:386 pr hm\. These data give a recombination value of 
41.5 percent for the Pr — Bmi interval. Diploid sister plants had a cross¬ 
over value of 22.3 percent for the same region. This large and highly sig¬ 
nificant increase in the amount of crossing over in the long arm of chromo¬ 
some V in fragment plants is inexplicable, as somewhat comparable data 
from Drosophila showed no increase in crossing over in that arm which 
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was not represented in the duplicating fragment (Rhoades 1931). Unfor¬ 
tunately only the /V-insertion region interval was involved in the present 
studies. More data on this problem will be obtained later. 

# 

SUMMARY 

1. A plant which was intermediate in appearance between the trisomic 
and disomic individuals occurred in the progeny of a plant trisomic for 
chromosome V. This exceptional plant carried in addition to the normal 
complement of 20 chromosomes a fragment of chromosome V. The frag¬ 
ment chromosome consisted of the entire short arm of chromosome V with 
a terminal spindle fiber insertion region. 

2. The cytological behavior of this fragment chromosome was studied 
at pachytene and metai)hase in microsporocytes. The fragment chromo¬ 
some was associated with the two normal chromosomes in approximately 
one-half the cells. Segregation of the three members of the trivalent groups 
was not random, but in such a manner that the fragment chromosome usu¬ 
ally accompanied one of the normals when it passed to a pole. 

3. The spindle fiber insertion region of the fragment chromosome was 
ob.served to be split or double in those cells where it was lying free in the 
nucleus as a univalent. 'Fhe equational split into two chromatids was 
clearly evident. 

4. 'Fhe 1'2 T.V Pr Tvi I’3 and Bi\ loci were located in the long arm of 
chromosome V. "Fhe Bm\ and Ai loci were located in the short arm of the 
chromosome. 

5. Pollen hyperploid for the fragment chromosome occasionally func¬ 
tioned in competition with haploid pollen. 

6. Crossing over in certain regions was apparently ‘more frequent in 
fragment jdants than in diploids. 
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INTRODUCTION 

I N Paramecium aurelia a number of factors interact to determine the 
occurrence of conjugation. Most attention has in the past been given 
to the role of environmental conditions.Jn this paper an internal factor is 
dealt with: nuclear reorganization of the type occurring both at endomixis 
and at conjugation As will be shown, the relation of these nuclear proc¬ 
esses to the subseciuent occurrence of conjugation is. in the one stock of 
P. aurelia investigated, very dilTercnt from w’hat is commonly assumed. 

MAVP.-ts (1889) held that conjugation could occur—or, at least, could 
result in viable exconjugants-only during the period of sexual maturity. 
'Phis period was assumed to begin tong after the last conjugation and to 
end when the degenerative alterations characteristic of “senescence” be¬ 
gan. M.avp.as’ conception of sexual maturity was extended to P. aurelia, 
without direct evidence, as a result of his investigations of other species. 
Indeed, direct study of P. aurelia yielded an embarrassing fact which led 
Maupas to remark that under conditions not yet understood, the normal 
period of “youth” might be abbreviated in certain species. The fact was 
the existence of two macronuclei in each of the two members of one pair 
of conjugants (fig. 33, PI. 13, loc. cit.). He suggested the possibility that 
these conjugants might still be in the process of reorganization from a pre¬ 
vious conjugation. Subsequently, similar but more convincing observa¬ 
tions of this kind have been reported in P. caudatum (Doflein 1907; 
Klitzke 1914), in P. mullimicronuclcatum^ (Muller 1932), and in other 
genera. Nevertheless, in one form or another, many workers down to the 
present time have held that between two successive conjugations a long 
period of vegetative multiplication must intervene. Thus, Hertwig (1889 
and later papers) maintained that by long exercise of vital functions the 
volume ratio of the nucleus to cytoplasm was disturbed and required con¬ 
jugation or an equivalent process to rectify it. According to this view, the 
disturbed nucleoplasmic ratio led to a high and increasing rate of fission; 
and the overdriven life activities led to conjugation. Simpson (1901) sup¬ 
ported Maupas in his report of failure to induce conjugation in P. aurelia 
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during the ^‘period of puberty.” However, details are lacking and presum¬ 
ably there were no contemporary “mature” controls in which conjugation 
was induced. 

On the other hand, the falsity of this conception of the place of conjuga¬ 
tion in the “life cycle” of P. aurelia has been clearly demonstrated. Jen¬ 
nings (1910) showed for one race that the interval between successive 
conjugations could regularly be reduced to two or three weeks, sometimes 
less. In one instance, the interval was reduced to five days and four fissions. 
Other races, however, could not be induced to yield such short intervals, 
some conjugating only twice in about two years. Jennings held that the 
minimum interval between conjugations depends upon how much time is 
required to bring about the three requisite successive stages of starvation, 
abundant feeding, and decline in multiplication; and that this can be done 
quickly in some races, but requires a long time in others. Another founda¬ 
tion of the Maupasian sexual maturity conception was completely blasted 
by Woodruff (1908 and later papers). He showed beyond reasonable 
doubt that under adequate cultural conditions a “life cycle” was non¬ 
existent. At last reports (1932), his stock had been cultivated for 25 years 
with no indication of a cycle; for eight of these years (5071 fissions) the 
occurrence of conjugation in the main culture was definitely precluded by 
means of the daily isolation culture technique. Not only did he show that 
conjugation was unnecessary, but repeated attempts to induce conjugation 
were successful only twice: once after more than 6.| years of culture (at 
about the 4,100th generation) and once after 13 years of culture (after 
more than 8,000 generations). Further evidence on the periodicity of con¬ 
jugation was supplied by Hopkins (1921), who found intervals between 
successive conjugations as low as 11, 15, 18, 21, 26, 27, and 34 days in some 
stocks, and as high as three months in other stocks. He reported that the 
periodicity was very different in different stocks, varj ing from about three 
weeks in some to about six weeks in others, and that there was no evidence 
of periodicity in other stocks. Hopkins further maintained that the tend¬ 
ency to conjugate was gradually lost under prolonged conditions of rapid 
growth and could be restored only by a longer or shorter period of dor¬ 
mancy. It appears difficult to reconcile this with Woodruff's experience. 

In addition to these reports on periodicity in the occurrence of conjuga¬ 
tion in P. aureliay there are in the literature a number of scattered observa¬ 
tions whose bearing on the question will become clear only after the experi¬ 
ments that follow have been described. From what has already been re¬ 
viewed, however, it is clear that in P. aurelia there is no “life cycle” includ¬ 
ing a period of “sexual maturity,” that the interval between successive 
conjugations may be as short as five days, and that periodicity in the 
recurrence of conjugation differs greatly from race to race. 
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EXPERIMENTAL PROCEDURE 

In the present experiments the stock of P. aurelia employed (here desig¬ 
nated stock R) was derived from a single individual in the spring of 1929. 
Numerous investigations upon this stock have already been published by 
investigators in this laboratory. It consists of many biotypes with diverse 
characteristics. In typical biotypes, conjugation is often readily induced by 
the following simple procedure: collect the surplus animals from isolation 
cultures into fresh culture medium in a small dish and keep them at 3i°C. 
This method was standardized as follows. 

The culture medium employed, both for the isolation and the mass cul¬ 
tures, consisted of a lettuce infusion inoculated with the bacterium Flavo- 
bactcrium hrunneum and the alga Stichococcus bacillaris. In preparing this, 
powdered desiccated lettuce and redistilled water, in the proportion of 1.5 
grams of lettuce to a liter, were boiled for live minutes and filtered at once. 
The filtrate was distributed into pyrex flasks containing an excess of CaCOs 
(Kahlbaum). The CaCO^ brings the pH up to 7.2 and narrowly limits its 
diurnal variation. The flasks were stoppered with cotton and autoclaved. 
From this stock fluid, the culture medium was prepared daily by adding 
to 20 cc of the filtered fluid one i mm loop of the bacterium from a 3 to 
5 day old slant and three 2 mm. loops of the alga from an 18 day old slant. 

The daily isolation cultures were carried on pyrex double depression 
slides containing two drops (approximately 125 mnv^) of culture medium 
in each depression. Into the medium in each depression a single para- 
mecium was introduced and kept with its progeny for one day at 
27.5° ± At the end of 24 hours, a record was made of the number of 

paramecia in each depression, and one paramecium from each depression 
was transferred to fresh medium on a fresh slide. Of the remaining ani¬ 
mals, one or more were stained with acetocarmine to ascertain the nuclear 
condition, and the rest were either discarded or put into a mass culture 
with animals from other isolation cultures. 

The mass cultures, consisting of animals from the isolation cultures 
(usually twelve in number), were set up in shallow dishes in 10 drops of 
culture medium and kept at 3i.o°±i.o°C. Such cultures were favorable 
to the occurrence of conjugation and were used for that purpose in all 
the experiments here reported. 

In both the isolation and mass cultures it was necessary, for the pur¬ 
poses of this study, to detect with certainty the occurrence of conjugation; 
and also of endomixis, since the latter is a factor in the determination of 
conjugation. This was done as follows:— 

Conjugation.—In daily isolation cultures, conjugation rarely occurs. 
When it does occur, it is only in lines that multiply very rapidly, and then 
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only near the end of the 24 hour interval between observations. Hence it 
cannot be missed in the course of daily observations. In the experiments 
here reported, it never occurred in isolation lines. In mass cultures, on the 
other hand, observations at 24 hour intervals cannot be depended upon; 
but observations at 12 hour intervals are reliable. Conjugants remain 
united about eight hours, and different pairs in a conjugating culture be¬ 
gin conjugating at various times over a period of 12 hours or more. Hence, 
the rule employed was to observe all mass cultures at intervals not ex¬ 
ceeding 12 hours. 

Endomixis.—In both isolation and mass cultures, the condition of the 
macronucleus was the criterion of endomixis. Complete disintegration of 
the macronucleus (into either ribbons or spherical fragments), or frag¬ 
ments plus the lightly staining anlagen of the new macronuclei, were re¬ 
quired at some point in the isolation line and among some individuals of 
a mass culture before concluding that endomixis had occurred. The find¬ 
ing of fragments associated with a whole macronucleus was not, in itself, 
considered sufficient evidence of endomixis. Actually, very few cases arose 
in which doubt was possible, and these few were excluded from the experi¬ 
ments. 

In isolation cultures, samples of each line were stained every day; the 
number of individuals stained in each line was at least equal to the number 
of fissions in that line during the preceding day. Since on the same day 
different individuals in the same isolation culture frequently differ in their 
nuclear condition (for example some may be in endomixis, others not), 
the nuclear condition found in the stained animals is not necessarily the 
same as in the animal retained to continue the line; but it does definitely 
indicate the nuclear condition on the preceding day of the common ances¬ 
tor of the stained animals and of the animals kept alive to continue the 
line. Thus, if this common ancestor was not in endomixis, its dcscendents 
stained the following day would show either no endomixis or very early 
stages; if the former was in very early endomixis, then the latter would 
show middle stages of endomixis; if the former was in the midst of endo¬ 
mixis, then the latter would show late stages; and if the former was in 
late stages of endomixis, the latter would show no endomixis at all. By 
correlating the observations made on the same line of descent on succes¬ 
sive days, it can be definitely ascertained, in practically all cases, whether 
endomixis has occurred. The rare cases in which doubt is possible were 
excluded from the experiment. 

In mass cultures, the detection of endomixis requires prior knowledge 
as to whether conjugation has occurred, for both conjugation and endo¬ 
mixis involve similar macronuclear pictures. If conjugation has not oc¬ 
curred, endomixis may be detected by staining representative samples 
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from a culture every day until fully fragmented animals are found. Ac¬ 
tually, many cultures were not stained every day. It usually could be fore¬ 
told whether endomixis would appear in any culture, and if so, on what day 
it would appear. In such cases, staining of samples was often omitted on 
the preceding days. If conjugation has occurred in a culture, the detection 
of endomixis involves deciding whether all the fragmented animals found 
are exconjugants or whether some are endomictic animals. When the pro¬ 
portion of fragmented animals is nearly the same as the proportion of 
recent conjugants, it is practically impossible to make this decision. On 
the other hand, when the proportion of fragmented animals is much 
greater than the proportion of recent conjugants, then it is clear that 
endomixis is also in progress. 

RELATION OF THE OCCURRENCE OF CONJUGATION TO 
THE RECENCY OF NUCLEAR REORGANIZATION 

In usual biotypes of stock R of P. aurelia, conjugation occurs only if 
endomixis or conjugation has recently taken place. This unexpected rela¬ 
tion is demonstrated as follows. If two mass cultures are set up at the same 
time, in the way above described, one containing animals from isolation 
lines that have recently undergone endomixis or conjugation, the other 
containing animals from isolation lines that have not recently undergone 
endomixis or conjugation, it is found that the former promptly conjugate, 
while the latter do not. 

Such experiments were repeated many times through a period of more 
than a year, and the results were always the sarne. There were examined 
131 cultures containing descendents of animals that had recently under¬ 
gone endomixis or conjugation, and all of these quickly yielded conjugants. 
Of cultures containing descendents of animals that had not recently under¬ 
gone endomixis or conjugation, 232 were examined; none of these yielded 
conjugants. 

Thus, in the period following endomixis or conjugation, the paramecia 
undergo a change that is reflected in their reaction to the environmental 
conditions favoring conjugation. During the first part of this period, they 
react to the standard conditions by conjugating; but in the later part of 
the period, under the same standard conditions, they fail to react by 
conjugating. 

At what point does the change in reaction occur? Is the change sudden 
or gradual? To answer these questions, mass cultures were set up on suc¬ 
cessive days of the period following endomixis or conjugation. This was 
managed by carrying a group of isolation lines, all of which had been in 
endomixis or conjugation the same day, and setting up daily a mass culture 
of the surplus animals from these. (When any of the isolation lines under- 
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went endomixis again, these were of course dropped from the experiment.) 
Thus, series of mass cultures were obtained, differing by intervals of one 
day in the time since they had undergone endomixis or conjugation. Their 
reaction to the standard conditions favoring conjugation was determined. 

In all, there were studied in this way seven series^ covering the period 
following endomixis, and one series following a previous conjugation. In 
three of the series (these were for the period succeeding endomixis), the 
change in reaction occurred suddenly. Up to a certain time conjugation 
occurred abundantly in the mass cultures; beyond this time it did not oc* 
cur at all. In the other five series, there was an intermediate period in 
which conjugation occurred in only a small proportion of the animals of a 
culture. 

The times at which the change in reaction occurred differed in the dif¬ 
ferent series. The period of abundant conjugation lasted from five days 
up to twelve days in some series. That is, in some of the series, abundant 
conjugation occurred only in mass cultures set up on any of the first five 
days after the climax of endomixis, while in other series it occurred in 
cultures set up during a longer period after endomixis—up to twelve days 
in one series. 

The period of scanty conjugation also varied. In two series it lasted up 
to the twelfth day; in one series up to the fourteenth day; in one series 
up to the sixteenth day. In the series begun with exconjugants it lasted 
up to the twentieth day. In this period of scanty conjugation only a dozen 
pairs, or fewer, would be found in any of the densely populated mass 
cultures. While these few animals were conjugating, many of the non¬ 
conjugating individuals were undergoing endomixis. 

In the mass cultures set up at longer periods after endomixis or conju¬ 
gation, conjugation fails to occur, but endomixis occurs in an even higher 
proportion of the individuals. This proportion increases as the time since 
the previous endomixis or conjugation increases, until finally it reaches 
loo percent. These relations will be set forth in detail in a later paper. 

The further history of these late cultures, in which a new endomixis 
occurred, is of great interest for the relation of the occurrence of conjuga¬ 
tion to the occurrence of a previous endomixis. Of such cultures 124 were 
studied. Some fresh fluid was added to most of them at the time of endo¬ 
mixis. Such fresh fluid did not cause conjugation at the start of these 
mass cultures, at a period long after endomixis. Of the 124 cultures, conju¬ 
gation began in every one within three days after the majority of the ani¬ 
mals had undergone endomixis. 

In many of these cultures it is entirely clear that the conjugating pairs 


* I am grateful to Dr. Ruth Stocking Lynch for assistance in the study of one of these series. 
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were the descendents of individuals that had just undergone endomixis. 

(1) In some cultures, examination shows that endomixis is universal; all 
the individuals go through it and three days later many of them conjugate. 

(2) Further, many of the conjugants, if stained in early stages of conjuga¬ 
tion, «how besides the entire macronucleus (or one just beginning to un¬ 
ravel into ribbons), a number of the pale macronuclear fragments left 
over from the recently preceding endomixis. 

The experiments and observations described above demonstrate that, 
in this stock of P. aurclia, conjugation may readily be induced immedi¬ 
ately after the completion of endomixis, though at other times it does not 
occur or occurs but scantily. This relation is of practical importance in 
cases in which it is desired to bring about conjugation. It affords a thor¬ 
oughly dependable method of obtaining abundant conjugation within 24 
hours when a large number of recent ex-endomictics are available. When 
the number of such individuals is as great as 500 to 1,000, conjugation 
sometimes begins before all have been collected into the mass culture, and 
hundreds of pairs will be found within 12 hours. 

"J'he fact that the similar processes of endomixis and conjugation thus 
normally occur so close together appears remarkable. A similar close 
association may exist between two successive conjugations. To test this, 
22 mass cultures were set up with conjugants, there being at the beginning 
in the different cultures from 7 to 53 pairs. All soon yielded a new set of 
conjugants. The average interval from the original conjugation to the next 
one was 3,2 days. 

To determine whether conjugations can continue to succeed one another 
at such short intervals, two scries of cultures were followed. In each series, 
when conjugation occurred in any culture, some of the conjugants were 
removed to a new dish in fresh fluid to start a new culture. In these series, 
as in all experiments involving conjugants, only those pairs were used that 
had been observed to remain firmly united for at least three hours. This 
avoids the danger of using pairs that do not actually complete conjugation. 
The two series gave similar results. In one, eleven successive conjugations 
were induced at intervals of 4, 5, 3, 3, 4, 6, 2, 2, i, and i days respectively. 
In the other series eight successive conjugations were induced at intervals 
of 2, 3, 2, 3, 2, 3, and 2 days respectively. There appears no reason to doubt 
that such series of successive conjugations could be continued indefinitely. 

DISCUSSION 

The results just described show clearly that in stock R of P. aurelia 
conjugation is readily induced during the several days following conjuga¬ 
tion or endomixis, but that if a longer time elapses another endomixis must 
occur before conjugation can be repeated. In other stocks of the same 
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species these relations do not hold, as will be shown in a later paper. Never¬ 
theless, numerous observations scattered through the literature show that 
similar relations do hold in at least some other stocks. 

It has already been pointed out that the occurrence of very short inter¬ 
vals between successive conjugations was suspected by Maupas (1889) 
and demonstrated by Jennings (1910). Similar results have been reported 
in P. putrinum by Butschli (1876) and Joukowsky (1898); in P. cauda- 
tum by Doflein (1907), Klitzke (1914), and others; in P. muUimicro- 
nucleatum by MtlLLER (1932) and Giese (1935); and in other genera. 

Clear instances of conjugation within several days after endomixis are 
rarely found in the literature, partly because endomixis was unknown or 
insufficiently appreciated by workers prior to 1914, and partly because it 
has been neglected by later workers on conjugation. There is, however, 
one clear case in the work of Woodruff (1914). He reports (p. 237) that 
the first conjugation in his long cultivated stock occurred on the fifth and 
sixth days after setting up a mass culture with animals in generation 4,102. 
Reference to the paper of Woodruff and Erdmann (1914, p. 437) shows 
that endomixis occurred at generation 4,103. Thus the first conjugation 
in 65 years of culture occurred just after an endomixis. In another place 
(p. 492), Woodruff and Erdmann report that they found endomixis 
occurring in some animals of a mass culture while others were conjugating. 
Hertwig (1889) observed the same thing; and MtiLLER (1932) found simi¬ 
lar phenomena in P. multimicronuclealum. 

Further indirect evidence of the time relations between the occurrence 
of conjugation and endomixis is to be found in accounts of the periodicity 
of conjugation. The two or three week periodicity of conjugation reported 
by Jennings for his stock k is the same as the periodicity of endomixis in 
the present stock R. If the same periodicity of endomixis characterized 
Jennings’ stock, its periodicity of conjugation is readily explained. Simi¬ 
larly, the diverse periodicities of conjugation in the different stocks used 
by Hopkins (1921) agree with the differences in interendomictic intervals 
that characterize different stocks, as will be set forth in a later paper. Like¬ 
wise, the longer intervals found by Hopkins between conjugations in P. 
caudatum agrees with the greater interendomictic intervals in that species. 

There are still other indications of the time relation between endomixis 
and conjugation: (1) It is often said that the tendency to conjugate is 
heightened during periods of depression, which are now well known to be 
periods of endomixis. (2) The common method of inducing conjugation 
(Jennings 1910) is one which would be expected to induce endomixis just 
before conjugation. The method consists of bringing about two periods of 
decline in food supply with an intervening period of abundant feeding. 
Conjugation is expected to occur during the second decline; the function 
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of the first decline is probably to induce endomixis. On this view, if endo- 
mixis occurred recently, the first decline in food supply should yield con- 
jugants; and this has in fact been reported by investigators using this 
method (Sonneborn and Lynch 1934, p. 10; Raffel 1930, p. 300). 

There are in the literature not only evidences that conjugation occurs 
at definite times with relation to prior nuclear reorganization, but also 
evidence that there are times when conjugation cannot be induced. Long 
observation of any one stock shows that a standard set of inducing con¬ 
ditions will yield conjugants at certain times but not at other times (Jen¬ 
nings 1910, Hopkins 1921, and others). Such observations have led these 
investigators to suggest that an unknown internal factor plays a role in 
the determination of conjugation, and this factor may well be the one de¬ 
scribed in this paper. 

What event, process, or substance controls the tendency to conjugate 
in this stock of P. aurelia? Since either conjugation or endomixis serves to 
put the organisms in a condition in which conjugation can be induced, it 
may be concluded that the differences between these two processes are 
not of importance in this connection. Hence, reduction of chromosome 
number, the introduction of new chromatin from a different animal, and 
the formation of a syncaryon may be excluded at once. On the other hand, 
the internal factor that makes conjugation possible must be common to 
both endomixis and conjugation. There appear to be three such common 
things from which to choose: (i) disintegration of the old macronucleus; 
(2) reintegration of a new macronucleus; (3) resorption of the fragments 
of the old macronucleus and the supernumerary micronuclei. Of these 
three, two can be eliminated in the light of additional known facts. 

The lost tendency to conjugate is restored before animals have reached 
the stage of endomixis in which resorption and reintegration of the nuclei 
occur. Many pairs have been observed in which one or both members are 
in the midst of endomixis. The endomictic ‘‘conjugants” are frequently 
in the stage of endomixis in which anlagen of the new macronucleus have 
just begun to enlarge and still take practically no chromatic stain; they 
may even be at the climax of endomixis, fully fragmented but lacking 
anlagen of the new macronucleus. In such cases, the normal mates show 
either a whole macronucleus with no fragments, or a macronucleus at the 
very earliest stage of ribbon formation. These unusual pairs have been 
found also by others. Some of the earlier mentioned cases of supposed re¬ 
conjugation of recent conjugants may really be of this type; Muller 
(1932) definitely states that some of his pairs of P. multimicronucleatum 
contain one member in the midst of endomixis. In my own work, such 
pairs have occurred under a definite set of conditions. As described above 
there was in some experiments a period of scanty conjugation, beginning 
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in some series as early as the eleventh day and lasting in some up to the 
twentieth day after the last endomixis or conjugation. During this period 
of scanty conjugation, many animals in a mass culture would go through 
endomixis at the time when a few others conjugated. In these cultures 
some of the pairs included animals in the midst of endomixis. What nu¬ 
clear processes occur in such animals is at present unknown but is under 
investigation in this laboratory. But the fact that animals in early stages 
of endomixis will unite as if to conjugate shows that the important thing 
done by endomixis in preparing animals for conjugation is accomplished 
early in the process, by the time it reaches the climax. Restoration of the 
tendency to conjugate must therefore be associated with the prior break¬ 
down of the old macronucleus. 

On this view, conjugation is possible so long as an old integrated mac¬ 
ronucleus is absent; that is, from the moment it disintegrated, at the cli¬ 
max of endomixis and early in conjugation, until the new macronucleus 
then formed has lived to be a week or so old. There are two ways of inter¬ 
preting this relation between the macronucleus and the tendency to conju¬ 
gate. Either, as the macronucleus ages, it inhibits conjugation; or, when 
the old macronucleus disintegrates, it discharges into the cytoplasm an 
enzyme or catalyst which makes conjugation possible. Between these 
alternatives, a decision can be made on the basis of the relation between 
rate of reproduction and duration of the tendency to conjugate. 'Fhere 
should be a precise inverse proportionality, if the second alternative is 
correct. Loss of activity by an enzyme or catalyst is presumably due to 
its dilution below a threshold concentration, and such a point would be 
reached after a definite number of fissions, irrespective of the time in¬ 
volved. Furthermore, if the tendency to conjugate is dependent upon the 
disintegration of the old macronucleus, this can be demonstrated by find¬ 
ing the earliest moment after conjugation at which reconjugation is pos¬ 
sible in P. aurelia and P. caudatum. Disintegration of the macronucleus 
occurs during conjugation in the former, and some time after it in the 
latter. Hence, exconjugants should be able to reconjugate at once in P. 
aurelia^ but not in P. caudatum, 

SUMMARY 

In stock R of P. aurelia^ conjugation may be induced by collecting the 
surplus animals from isolation cultures into fresh culture medium in a 
small dish and keeping them at 3i°C. But not all such cultures conjugate. 
The determining factor here is the recency of nuclear reorganization.* 
When the culture consists of descendents of animals that have recently 
undergone endomixis or conjugation, it quickly yields conjugants; but 
when the culture consists of descendents of animals that have not recently 



CAUSES OF CONJUGATION IN PARAMECIUM 513 

undergone endomixis or conjugation, it will not yield conjugants until 
after another endomixis has occurred. Response to the conditions favor¬ 
able for conjugation is of three types, each type characterizing a period of 
the time following nuclear reorganization, (i) During the first period, 
varying in extent from the first five to the first twelve days, cultures 
respond with abundant conjugation; (2) during the second period, extend¬ 
ing in some series from the eleventh up to the twentieth day after nuclear 
reorganization, cultures yield very small proportions of conjugants, or 
none at all; (3) subsequent to this, in the third period, all cultures com¬ 
pletely fail to conjugate but endomixis occurs abundantly instead. Cul¬ 
tures set up in the third period will conjugate readily after endomixis has 
occurred in them. 

Not only can two successive conjugations occur with a short interval 
bctwx'cn them, but long series of successive conjugations are inducible 
with repeated intervals of only one or a few days. Under certain conditions, 
individuals in endomixis (climax stage and later) unite as if in conjugation. 
Hence the process in endomixis that restores the tendency to conjugate 
must occur early. It must also be the same as a process occurring during 
conjugation. Disintegration of the old macronucleus is apparently the 
only process that satisfies these two conditions. A further means of testing 
the validity of this conclusion is proposed. 
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INTRODUCTION 

I N TYPICAL biotypes of the Johns Hopkins stock R of P. aurelia, 
SoNNEBORN (1936) has shown that, when surplus animals from iso¬ 
lation lines are collected in a small mass culture and placed at 3i°C, con¬ 
jugation invariably occurs if the animals have recently been through a 
nuclear reorganization (that is, endomixis or conjugation), but never at 
other times. In the present paper we contrast the behavior of this stock 
with that of the Yale stock, cultivated since 1907 by Woodruff, which 
responds very differently to these same conditions. 

In P. aurelia, racial diversities in the tendency to conjugate have been 
reported by Jennings, W'oodruff, Hopkins, and Ball, but their work 
has been criticized by Enriques, Zweibaum, and the Chattons. Jen¬ 
nings (1910) found a race k, which was observed to go through 20 epi¬ 
demics of conjugation in about two years; but during this period race C 2 
conjugated only a few times, and races c and i only twice. Long con¬ 
tinued, systematic and varied attempts to induce conjugation in races c and 
i invariably failed, but similar attempts in race k were always successful 
if two or three weeks had elapsed since the last conjugation. Woodruff 
(1912) reported similar results; in some stocks conjugation occurred readily, 
but in his stock cultured since 1907 conjugation could be obtained only 
twice, once in 1913 (Woodruff 1914) and once in 1920 (Woodruff 
1921). The most extensive study along these lines was made by Hopkins 
(1921). He found marked differences among 13 races, in three respects, 
(i) Differences in the tendency to conjugate: under similar conditions, 
some races conjugated frequently, other races only rarely, some not at 
all. (2) Differences in the conditions required for conjugation: some races 
conjugated in large stock cultures without special experimental treat¬ 
ment; other races would not conjugate under these conditions, but did 
so when transferred to small watch glasses with a rapidly diminishing food 
supply; still other races would not conjugate even under these conditions, 
but could be made to conjugate when this treatment was preceded by a 
longer or shorter period of “dormancy.” (3) Differences in the periodicity 
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of conjugation: some races showed no periodicity, others conjugated fairly 
regularly at intervals of about six weeks, still others at intervals of about 
three weeks. Ball (1925) added further slight evidence of the same sort, 
though his main work was on P. caudatum. 

On the other hand, Zweibaum (1912) and the Chattons (1931) have 
denied the existence of racial differences in the tendency to conjugate. 
These investigators were able to induce conjugation at will in P. caudatum 
under certain conditions, but not under other conditions; from this they 
concluded that the diverse results obtained by other investigators on dif¬ 
ferent stocks were actually due to uncontrolled diversities in the environ¬ 
mental conditions. There are, however, several reasons why their conclu¬ 
sion cannot be accepted. In the first place, the production of diversity in 
the tendency to conjugate by means of diverse environments in one case is 
no reason to conclude that the same diversity cannot be produced by di¬ 
versity of constitution in another case. Secondly, even if it could be shown 
(which, as yet, has not been done) that all or many stocks of a species 
could be induced to conjugate under one set of conditions, genetic differ¬ 
ences might still be demonstrated if, under another set of conditions, .some 
stocks conjugate and others do not. Thirdly, so far as can be learned from 
their published accounts, Zweibaum (1912) and the Chattons (1931) 
each worked on but a single stock of P. caudatum, so they have had no 
opportunity to encounter racial diversities. Fourthly, the results of the 
Chattons are at variance in a fundamental respect with the results of 
Zweibaum. Zweibaum found that an essential prerequisite to the induc¬ 
tion of conjugation in his stock was a period of starvation (“disette”) of 
5 or 6 weeks, during which a nutritive equilibrium exists. The Chattons, 
however, found that this was unnecessary in their stock. Thus, the two 
main proponents of the view that genetic factors play no role in the induc¬ 
tion of conjugation have themselves shown that their two stocks differ in 
the conditions required for conjugation. Finally, Hopkins (1921) and 
Ball (1925), using Zweibaum’s methods on P, caudatum (as well as on 
P, aurelia), were unable to support his conclusion. They found that while 
his methods were successful with some stocks, they failed with others, and 
that they were unnecessary in still other stocks, as the Chattons also 
found. Their work, therefore, agrees with the earlier work of Jennings 
(1910), Woodruff (1912), and Calkins and Gregory (1913) on the same 
species, as well as the papers cited in the preceding paragraph on P. 
aurelia. In addition to these investigations on P. aurelia and P. caudatum^ 
Wenrich and Wang (1928) presented evidence for racial differences in 
tendency to conjugate in P. calkinsi. 

Thus Zweibaum’s contention has been experimentally disproved. That 
of the Chattons is in little better case, but an investigation directed pre- 
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cisely upon the point which they make, and that shall adequately test it, 
will be worth while. Such an investigation is here presented. The Chat- 
tons maintain that differences in bacterial flora are the basis of apparent 
racial differences in tendency to conjugate. It is required, therefore, to 
compare different stocks under identical bacterial conditions. 

EXPERIMENTAL RESULTS 

For this purpose, we selected two stocks reported to be very diverse in 
their tendencies to conjugate. The first was the Johns Hopkins stock R 
in which conjugation could invariably be produced under the conditions 
described by Sonneborn (1936). The second was the Yale stock in which 
conjugation has occurred only twice in 29 years (Woodruff 1921). (We are 
grateful to Professor Woodruff for his kindness in sending us a strain of 
this stock.) The carefully controlled method of cultivation, using but one 
species of bacterium and one species of alga, and the methods of inducing 
and detecting conjugation and endomixis were all fully described by Son¬ 
neborn (1936) and need not be repeated here. 

The two stocks were compared, under identical environmental condi¬ 
tions, in the following way. A large group of daily isolation lines of each 
stock was cultivated on pyrex depression slides from February 15 until 
March 30, 1935. Each day the surplus animals from the isolation cultures 
were collected into small mass cultures, which were kept at 3i°C and ob¬ 
served for conjugants at not more than 12 hour intervals. All mass cultures 
were observed for at least five days (when multiplication had practically 
stopped); and those cultures in which 75 percent or more of the animals 
went into endomixis were fed again and observed for at least four more 
days until after multiplication had again practically stopped. Altogether, 
there were under observation 179 mass cultures of the Yale stock and 187 
mass cultures of the Johns Hopkins stock R. Not a single pair of conju- 
ganis could be found in any of the cultures of the Yale stock; hut conjugation 
occurred in a^ery one of the cultures of the Johns Hopkins stock R. 

Although both stocks were cultivated under identical conditions and 
although pure cultures of but one species of bacterium {Flavobacterium 
brunneum) were inoculated into the culture fluid daily, it was still pos¬ 
sible that different contaminating species of bacteria had gotten into the 
cultures of the two stocks. To equalize such contamination, if it had oc- 
cured, lines of the Johns Hopkins stock R were transferred to fluid in 
which the lines of the Yale stock had lived for 24 hours, and vice versa. 
During the days following this exchange of fluids, 57 mass cultures were 
prepared as before. The results with these cultures were exactly the same 
as before: all cultures of the Johns Hopkins stock R conjugated, but none of 
the cultures of the Yale stock did. Their difference in the tendency to conju- 
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gate cannot, therefore, be due to differences in bacterial flora. The clear- 
cut, constant, and many times repeated difference found between these 
two stocks demonstrates definitively that they differ genetically in their 
tendency to conjugate. Under the same environmental conditions, they 
invariably respond differently. The criticism of the Chattons, like that 
of ZwEiBAUM, is thus unfounded, and racial differences in tendency to con¬ 
jugate do in fact exist within a single species of Paramecium. 

SUMMARY 

Under carefully controlled environmental conditions, the Johns Hop¬ 
kins stock R of P. aurelia can invariably be induced to conjugate; under 
identical conditions, the Yale stock of the same species cannot. The con¬ 
tention of the Chattons (1931) that such differences are not racial, but 
due to differences in bacterial flora, is shown to be invalid. 
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INTRODUCTION 


T he ability to lay late in the fall at the close of the first laying year 
is very desirable in breeding for egg production. GooDALKand San¬ 
born (1922) pointed out that high persistency is one of the essential 
characters in heavy laying Rhode Islands Reds. Hays and Sanborn 
(1926) showed . Mitimate correlation between persistency and egg pro- 
Sanborn (1927a) found the net correlation between 
production to be higher than between any other 
d and annual production. Hays and Sanborn 
‘ding from females with persistency greater 
having superior fecundity. Jull (1932) also 


duction. Hays i 
persistency and 
fecundity char 
(1933) also re 
than 365 days ga\v 


showed the importance of high persistency in relation to egg production. 

Studies on the mode of inheritance of persistency are very limited. 
Hurst (1925) stated that high persistency behaves as a simple recessive 
to low persistency. Hays (1927b) presented data on the inheritance of high 
persistency in Rhode Island Reds. In this early study on production-bred 
birds, the dividing point between high and low persistency was arbitrarily 
placed between 314 and 315 days from first pullet egg. Persistency w’as also 
limited to a 365 day period following ne first pullet egg. The studies re¬ 
ported here include the production’ .d birds hatched from 1917 to 1930, 
the exhibition-bred birds hatched i 1930 and Fi and F2 hybrids and back- 
crosses hatched in 1930, 1931, 1932, and 1933. In these later studies the 
persistency period may continue beyond the 365-day laying year until 
the individual shows a 30-day cessation of production which is assumed to 
indicate the annual molt. Persistency within the first laying year may 
likewise be terminated y a pause of thirty days or more. 


CHA^' JTrJR OF THE DIFFERENT POPULATIONS 

A total of 910 } *oductlon-bred pullets hatched from 1917 to 1930 may 
be considered a representative sample of the production stock used for 
hybridization. Figure 1 shows the frequency distribution of this population 
with respect to length of biological year. The data fail to show a normal 
distribution unless five individuals with persistency between 185 and 214 
days are omitted. Omitting these five, the distribution by the test gives 
a probability of .2498 which means that in one case out of four a random 
sample would give deviations as great as or greater than those observed. 

* Published as Contribution No. 251 of the Massachusetts Agricultural Experiment Station, 
Gknstics2x: 519 Sept. 1936 
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The generation of exhibition birds hatched in 1930 consisted of 61 in¬ 
dividuals with a mean biological year of 270.32 days. Figure 2 gives the 
frequency distribution of this population for biological year. This distribu¬ 
tion is very close to normal and the test for normalcy gives a value of 
P of .6655. 

First and second generation crosses are presented in figure 3. The fre¬ 
quency distribution for the Fi generation shows a wide scatter as might be 
anticipated when a cross is made between two lines neither of which is 
homozygous for the character in question. There is an indication, however, 
of the dominance of high persistency. 
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FIG 3 

BIOLOGICAL YEAR - DAYS 
7 9 BIRDS AND 5 3 BIRDS 



The F2 generation clearly shows a bimodal distribution for length of 
biological year with modes at about 200 days and 350 days. The graph 
demonstrates that two populations with rather characteristic length of 
biological years are concerned. An inspection of this graph suggests that 
the dividing point between the two populations lies in the neighborhood 
of 270 days. 

Figure 4 gives the frequency distribution of the 23 F2 birds that had a 
biological year below 270 days. This population has a mean of 203.63 days 
and the ^ test for normalcy of distribution gives the value of P as .3885 
which is satisfactory evidence that the distribution is normal. 
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Figure 5 includes the 30 F2 birds with a biological year of 270 days or 
more. The mean persistency of this population is 336.50 days. By the x® 
test the value of P is .2343 showing that this group of persistent layers 
represents a normal distribution. The fact should be stressed in this con¬ 
nection that the arbitrary separation of the Fj population into low and 
high persistency classes at 270 days will operate to include some individ¬ 
uals around this dividing point in the wrong phenotype. 

RESUl.TS FROM CROSSK.S 

For analytical and practical purposes the dividing point between high 
and low persistency phenotypes appears to occur at close to 270 days. The 
former figure of 315 days used by Hays (1927) is not substantiated in 
crosses where an essentially low persistency line of exhibition birds is 
crossed with a highly persistent line of production birds. 

Some specific examples of the ratios may next be considered. In 1930 
an exhibition male No. J711 was mated to four production females all of 
which were phenotypically highly persistent. From these matings 45 Fi 
(laughters have complete persistency records. The data show 24 highly 
persistent to 21 low in persistency with an expectation of equal numbers 
if one dominant gene is concerned. 'I’he male evidently lacked gene P and 
the females were heterozygous. 'I'his male was shown to lack the gene for 
high persistency by mating to his Fj daughters. Unfortunately only a 
small number of daughters from three matings had complete persistimcy 
records. These showed 2 high to 5 low where the expectation was 3.5 to 
3.5. The maternal backcross obtained by mating the original production 
females to an Fi son gave 10 high to 2 low where the expectation was 9 to 3. 
A cross of production males to exhibition females that were phenotypically 
high gave 23 Fj daughters in the proportion of 19 high to 4 low where the 
expectation was 17.25 to 5.75. A production male K56 mated to F: females 
that were high in persistency gave 20 high to 4 low where the expectation 
was 18 to 6. 

A production male mated to persistent Fa females gave 15 high to 4 low 
daughters and the expectation was 14.25 to 4.75. An exhibition male 
mated to persistent F2 females gave 8 high to 4 low where the expected 
was 9 to 3. 

One exhibition male, K718, when mated to low persistency hens gave 
proportions of highly persistent daughters indicating that he carried one 
gene for high persistency. Reciprocal crosses between the two lines gave 
the same results confirming earlier findings at this Station that high per¬ 
sistency depends in inheritance upon a single dominant autosomal gene P. 
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SUMMARY 

Results from crossing high and low persistency lines of Rhode Island 
Reds show that the dividing point between high and low persistency 
phenotypes lies close to 270 days. That high persistency depends in in¬ 
heritance upon a single dominant autosomal gene is confirmed. In breeding 
operations it is recommended that the standard for selecting breeding stock 
for high persistency be placed well above a 270 day minimum because of 
overlapping in phenotypes. 
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INTRODUCTION 

T he short-tailed (Brachyury) mutant form of the house mouse, dis¬ 
covered by Dobrovolskaia-Zawadskaia (1927a), behaves as a dom¬ 
inant to the normal or wild type. The homozygotes show characteristic 
abnormalities (Chesley 1932, 1935) and die in utero about eleven days 
after fertilization. 

From the original short-tailed (Brachy) stock following outcrosses to 
wild mice, three substrains have arisen, each characterized by complete 
absence of the bony tail (anury). These have been described by Dobro¬ 
volskaia-Zawadskaia and Kobozieff (1927b). These authors (1932) and 
Kobozieff (1935) have reported that tailless mice of each of these strains 
produce only tailless mice when bred to members of the same strain. 
Crosses between members of different strains are said to produce both tail¬ 
less and normal progeny, although complete data on such crosses have not 
been published. Because of this peculiar behavior, Zawadskaia and Kobo¬ 
zieff suggested that the tailless strains may contain balanced lethals. This 
suggestion rested on analogy, since from the evidence available it was not 
possible to identify the lethals involved nor to specify what conditions 
held the lethals in association. 

Our interest in the developmental action of lethal genes led us to under¬ 
take a further analysis of the tailless strains in order to isolate the genes 
involved and to study their effects on the embryos. The results of this 
analysis show that mice of one of the tailless strains (Agouti or A line of 

' These experiments were being carried on in this laboratory by Dr. Chesley, and most of 
the observations (except those on line 29) were made by him. Before Dr. Chesley^s death in 
February 1936, we had had frequent consultations on the results, and I was sufficiently familiar 
with the data and with Dr. Chesley’s working hypotheses to be able to continue the experiments 
as originally planned. Although the major part of the data and of the interpretations had been 
obtained by Dr. Chesley, he had not intended to publish them until after further evidence had 
been obtained concerning (i) the morphological characters of the new type of dead embryos found 
p, 530 ), (2) the difference in the segregation ratios from males and females containing the 
gene which he thought required an examination of the spermatogenesis of T/t and -f//® males, 
(3) the possibility of crossing over between T and /® since he was not convinced that these genes 
were alleles. Since some time may elapse before the first two problems can be adequately studied, 
I have thought it best to record the results obtained and to assume responsibility for the form of 
publication and the conclusions drawn. I wish, too, to record my respect and admiration for 
Dr. Chesley as student, colleague and friend, and my regret that a scientific career that had be¬ 
gun so auspiciously should have ended so early. L. C. D. 
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Zawadskaia) are heterozygous for two lethals, one the previously known 
Brachyury (T), the other a recessive (f) which in combination with T 
produces taillessness. T and are probably alleles or so located as to show 
no crossing over. In this report we shall summarize the genetic analysis of 
this tailless strain. Preliminary evidence is reported showing that homo¬ 
zygotes die very early in development, shortly after implantation. It is 
hoped that a more complete description of the morphology and develop¬ 
ment of the new lethal type can be made later. 

MATERIALS 

Dr. Zawadskaia kindly brought stock of all three strains to our labora¬ 
tory in 1933 and placed them at our disposal. We are greatly indebted to 
her for her cordial cooperation in our work.'^ Because of difficulties en¬ 
countered in maintaining the stocks, it was necessary to outcross two 
of them (lines 29 and 19, cf. Kobozieff 1935) to normals and Brachys 
of a stock previously supplied by Dr. Zawadskaia and to recover the 
strains by backcrossing the outcross animals to the Zawadskaia tailless 
strains followed by inbreeding. Although we recovered true-breeding tail¬ 
less stocks of each of these, it is not certain that the genetic constitution 
of each is identical with that of the original stocks. The third tailless stock 
(A line) is descended from Dr. Zawadskaia's stock without outcrossing. 

BREEDING EXPERIMENTS 

Our first experiments confirmed the reports of Zawadskaia and Kob¬ 
ozieff that each of the tailless lines bred true and was characterized by 
small litters (table i). The progeny from lines A and 19 were all completely 
tailless, no vertebrae having been noted (by palpation) posterior to the 

'1'ablk I 

Results of matings of tailless lines inter se and of crosses between different tailless lines. 
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* For later shipments we are also grateful to Dr. Walter Landauer and Dr, Boris Ephrusi^i 
who brought mice to us from Dr. Zawadskaia^s laboratory. 
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sacrum. In line 29, we have found occasional animals with a small bony 
stump, never containing more than 2 or 3 tail vertebrae. In all lines there 
is usually a short ^^tail filament^' consisting of skin and connective tissue, 
probably the remains of the tail which is formed in early embryonic de¬ 
velopment, but which is destroyed and resorbed, as described for the short¬ 
tailed mice (Chesley 1934). Many of the animals in each line are sterile, 
.small and mature slowly. 

Inheritance of Taillessncss in Line A 

The first problem was to determine the genetic constitution of the tail¬ 
less animals in each strain. Reciprocal crosses were made between tailless 
animals and normals from an inbred stock (Bagg albinos) and between 
tailless and .short-tailed (Brachy) animals of the Zawadskaia parent stock. 
The progeny of these crosses were then tested and bred in various ways. 
Only one strain (line A) has been analyzed in detail, and conclusions, for 
the present, must be limited to the tailless condition as found in this strain. 
There are indications that the main features of the inheritance of tailless¬ 
ncss are similar in the other strains. 

The data for line A crosses are shown in table 2. Observations were all 
made as near birth as possible, usually within 12 hours of parturition. The 
distinction between the three cla.sses, normal tail (nt), short tail (Brachy 
or Br), and tailless (zero tail or Ot) can be made at birth with little un¬ 
certainty. In the tailless animals there is no caudal skeleton at all, and the 
tail filament, which is nearly always present, hangs limply from the end 
of the sacrum; in short-tailed animals there is a stiff cartilaginous tail of 
from I to I of the length of the normal, ending bluntly, usually with a thin 
thread-like filament attached, the remnant of the resorbed posterior end 
of the embryonic tail; in normals the tail tapers to a point and never show's 
a filament. 

CrOsSses of line A tailless and normal. The cross of tailless (line A) and 
normal (inbred Bagg albino) gives regularly two types of offspring, normal 
and Brachy. When the tailless parent is the mother, this segregation occurs 
in a I: I ratio (table 2, Exp. i). When the tailless parent is the father, there 
is a considerable excess of normal offspring (Exp. 2), a difference which 
appears whenever taillessncss is introduced through the male and which 
requires detailed discussion later. 

The Fi Brachy offspring behave like ordinary Brachy animals of the 
Zawadskaia Brachy stock. When bred together or crossed with other 
Brachys, they produce only Brachys and normals (Exp. 10), and the 
homozygous Brachy type of lethal embryo is found in the uterus at the loth 
day and dies shortly thereafter. When bred to normals, they produce 
Brachys and normals in a 1:1 ratio (Exp. ii). They do not transmit th^ 
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tailless condition as found in the tailless parent line (ii females and 6 
males thoroughly tested by Brachys from stock) and are evidently of the 
constitution 7 "/+, like the usual Brachy animals. This shows that the A 
tailless parent is heterozygous for Brachyury. 

Tabuc 2 

Results of matings of tailless mice of line A and of tests of their descendants. 


OFPBPRINa 


BXP. 

NO. 

9 

PARENTS cf 

GEN. 

NO. OP 

MATINGS 

TOTAL 

YOUNG 

LITTER 

SIZE 

NORMAL 

TAIL¬ 

LESS 

BRACIfT 

I 

Ot 

Normal* 

Fi 

20 

114 

5 7 

b 3 


51 

Kt 

Ot 

Normal 

Fi 

5 

25 

5 0 

12 


13 

2 

Normal* 

Ot 

F, 

30 

179 

6.0 

140 


39 

Kt 

Normal 

Ot 

Fi 

9 

46 

51 

46 



3 

Ot 

Brachy 

Fi 

5 

24 

4.8 

7 

I I 

6 

4 

Brachy 

Ot 

Fi 

37 

304 

8.2 

128 

127 

40 

5 

Fi nt (from i) 

Brachy 

TC 

47 

335 

7.1 

1O4 

87 

84 

6a 

Brachy 

Fi nt (from i and 

2) TC 

b 5 

484 

7-4 

242 

171 

7 T 

6bt Brachy 

Fi nt (repetition) 

TC 

124 

935 

7 5 

491 

297 

147 

7 

Fi nt (fr i) 

Normal* 

BCi 

22 

144 

6 6 

144 



8 

Fi nt (fr i) 

Fi nt (fr i) 


12 

80 

6.7 

80 



9 

Fi nt (fr 1) 

Ot (stock) 

BC 

^9 

89 

4>7 

53 

22 

14 

10 

Fi Brachy (fr i) 

Brachy (stock) 

TC 

41 

22Q 

5 .f> 

90 


130 

II 

Fi Brachy (fr i) 

Normal* 

BC 

10 

53 

5-3 

33 


20 

12 

Fi Brachy 

Ot (stock) 

BC 

8 

52 

6.5 

21 

27 

4 

13 

BC, -|-//°(fr7) 

Brachy 

TC 

34 

200 

5.8 

90 

55 

55 

14 

Brachy 

BC, +/l° (fr 7) 

TC 

20 

169 

8.5 

85 

47 

38 

15 

(fr 7) 

Brachy 

TC 

42 

295 

7.2 

149 


146 

16 

Brachy 

BC, +/+(fr 7) 

TC 

10 

91 

9.1 

51 


40 

17 

BCi -f//" (fr7) 

Normal* 

BC2 

7 

45 

6 4 

45 



18 

Fa-f//** (fr8) 

Brachy 

'rc 

20 

127 

6.4 

57 

37 

33 

19 

Brachy 

¥ 2 +/r (fr8) 

TC 

12 

85 

71 

35 

26 

24 


f Brachy 

F2-h/-f (fr8) 1 








20 

(F2 + /(fr 8) 

Brachy J 

TC 

22 

158 

7.2 

79 


79 

21 

BC2+//° (fri 7 ) 

Brachy 

TC 

5 

34 


16 

9 

9 

22 

Brachy 

BC2 +/i° (fr 17 ) 

TC 

12 

100 

8.3 

53 

32 

15 

23 

Brachy 

BCa +//'’ 

TC 

25 

222 

8.9 

118 

77 

27 

24 

BCa+Z/'^ 

Brachy 

TC 

9 

53 

5-9 

27 

14 

12 


t Data from kobozieff (1935). 

* All normals were from our inbred stock of Bagg albinos, 
t Offspring from two males omitted; cf. table 5. 

The Fi normal-tailed animals all transmit taillessness (31 males and 29 
females thoroughly tested). This is best revealed by crossing Ft normal 
females to Brachy males from stock. This produces about 2/4 normals, 
Brachys, and 3 ^ tailless (Exp. 5). Normals not derived from tailless 
produce, when crossed with Brachy, only Brachy and normal progeny. 
This shows that the tailless parent has transmitted a recessive gene for 
taillessness, which we may call to all normal-tailed Ft progeny, thus 
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proving the tailless parent to have been heterozygous both for T and for 
/®. We may therefore assume that A tailless animals are T/t^\ Fi Brachys 
r/ + , and Fi normals /“/ + • "Faillessness is assumed to arise from inter¬ 
action between T and 

The constitution of the Fi normals was also tested in several other ways. 
Fi females were backcrossed to the tailless parent. This produced normal¬ 
tailed, Brachy and tailless progeny (Kxp. g), 

Fi normal females backcrossed to the normal parent stock produced 
only normal progeny (Exp. 7). These BC progeny, when tested by crossing, 
to Brachy, fell into two groups. One group (26 thoroughly tested) pro¬ 
duced only Brachys and normals and were thus +/ + (Exps. 15, 16); the 
other group (39 thoroughly tested) produced normals, Brachys and tailless 
and were thus +/ 7 ‘’ (Exps. 13, 14). The latter were again backcrossed to 
normal parent stock (Exp. 17), and the normal progeny so produced were 
again shown to consist of -\-/+ (7 tested) and (9 tested, Exps. 21, 
22). The latter were again backcrossed to normal (Bagg) stock and the 
BCa progeny when tested fell into two groups: +//" (Exps. 23 and 24) 
and +/ + . By thus successively backcrossing normal animals, which were 
known to transmit taillessness, to the same inbred normal stock, any other 
genes affecting tail form tended to become homozygous, and the clear 
segregation of only two genetic types, +/ + and +/ 7 ^', shows that a single 
gene, /*', is involved. 

Fi normals bred together produced only normals (Exp. 8), but these F2 
normals, when tested by Brachys, fell into two groups, one of which (17 
tested) produced tailless progeny in addition to normal and Brachy (Exps. 
18, 19), while the other (9 tested) produced no tailless progeny (Exp. 20). 

Thus the gene responsible for taillessness was shown to be transmitted 
through normal animals for four generations, to produce no effect on the 
tail when in combination with a normal allele, but to produce typical tail¬ 
lessness when again combined with T. 

Crosses of line A tailless by Brachy, A direct test of the assumed consti¬ 
tution of the A tailless females was made by crossing them with Brachys 
from Brachy stock. If our asumptions are correct, this cross should have 
the following results: 

A tailless XBrachy 

_ T/f r/-f _ 

T/T T/t^ T/ + 

dies tailless normal Brachy 

The expected classes were obtained, although, because of infertility of 
tailless females, the numbers are as yet too small to establish the ratio 
with certainty (Exp. 3). The reciprocal cross of tailless male made by 



S30 PAUL CHESLEY AND L. C. DUNN 

Brachy female yielded tailless, normal and Brachy progeny (Exp. 4, 12), 
as discussed below. 

This may be taken as confirming our assumption that tailless animals 
are T/f. What then explains the fact that such hybrids, when bred to¬ 
gether, produce only one type of offspring? Two assumptions need to be 
added: (i) that the homozygote is inviable; (2) that T and f are either 
alleles or else crossing over between them is prevented by close linkage 
or by some other means. Since all our data are consonant with the allele 
interpretation we shall use this until disproved. Matings of A tailless by 
A tailless would then be: 

__ T/fXT/l^ __ 

77Y 7y/« /vr ' " 

Brachy tailless tailless 

homozygote homozygote 

dies dies 

lo-ii days early 

Litter size. If this is correct, litters from T/t^^X T/l^^ should be 50 percent 
smaller than litters from T/t^^X+/ + , and should contain two groups of 
dead embryos: one, the Brachy homozygous type already studied; another, 
a new type due to the combination tH^\ Litter size may be influenced by 
factors other than the action of lethal genes (residual heredity of stocks, 
age of mother, ordinal number of litter, etc.), so that comparisons of litter 
size may not provide crucial evidence of the number of lethals segregating. 
In the present case, 66 liters from A tailless by A tailless contained 239 
young, an average of 3.6 per litter. The average size of 50 litters from tail¬ 
less by normal (Bagg albino) was 5.9. The former is 60 percent of the latter; 
it is smaller than the 75 per cent expected if only one lethal were segregat¬ 
ing in tailless by tailless matings. 

EVIDENCE FROM EXAMINATION OF EMBRYOS 

Direct evidence of two lethals was obtained from dissections of the uteri 
of tailless females pregnant by tailless males (table 3). Examinations were 
made usually on the nth day after timed copulations. Three types of em¬ 
bryo were found: (i) living embryos representing the viable tailless class; (2) 
abnormal embryos identical with the previously recognized and studied ho¬ 
mozygous Brachy type (Chesley 1935); these were either still alive or had 
recently died; (3) embryos which had died shortly after implantation,con¬ 
sisting only of a small mass of resorbing material. These masses were of rem¬ 
arkably uniform size, indicating that the group as a whole had died at about 
the same time. The swellings of the uterus containing these masses were 
smaller than those containing normal or homozygous Brachy embryos. Of 
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the resorbing masses dissected at the nth day, each contained a well de¬ 
veloped placenta with a completely resorbed embryo. Some uteri (tailless 
Xtailless) were fixed entire on the 6th, 7th, and 8th days after copulation, 
and the embryos were then dissected out and sectioned. Preliminary exam¬ 
ination of these shows that resorption of the abnormal type begins prob¬ 
ably on the 6th and is certainly complete or nearly so by the 8th day. 
Eighth day dissections showed 3Q normal, 24 resorbed and four swellings 
in which it could not be determined whether embryonic material had been 
present or not. 

'Fable 3 

Embryos foiaid on dissection of uteri of pregnant females {from timed copulations). 


MATING 

Mr) THKll 

KATHKH 

MOTHhllK 

DlSHECTh D 

VIABLE BRACKS 

IIOMO- 

ZIOOTKS 

TT 

RE- 

SORBEI) 

tofu 

? 

embryos 

PER 

LITTER 

1 

A A tailless 

\ \ tailless 

^4 

73 

22 

65 

6 

3-0 

2 

Normal (Bagg) 

A A tailless 

2 

20 


__ 

3 

10.0 


Brachy 

A A tailless 

14 

114 

T2 

3 

0 

8.1 

4 

♦Normal f//” 

Normal -f//” 

10 

102 


58 

8 

5-4 


* I*'], H(' and F2 animals from tailless normal, which had been tested and found to be -|-//° 


'rhe resorbed group [)robably contains the class, although it may 
contain also a few embryos which died after implantation from other 
causes. As controls, normal females pregnant by tailless males were dis¬ 
sected. Out of 23 embryos none of the resorbing type was found. In the 
case of three capsules no decision concerning the presence of embryonic 
ti.ssue could be made. Likewise Brachy females pregnant by tailless males 
were dissected. About 10 per cent of the embryos were of the homozygous 
type, again proving that tailless males transmit brachyury. Three out of 
138 embryos appeared to be of the resorbed type (table 3, mating 3), 
although these were not sectioned and the diagnosis was indicated as 
doubtful. Certainly there is no approach here to the frecfuency of the re¬ 
sorbed type found among tailless by tailless matings. 

The data from dissections agree well with those from litters observed 
at birth. Thus in tailless by tailless matings the average litter size was 3.6 
(table 1, Exp. i); at the nth day the average number of viable embryos 
was 3.0 per litter. The average number of embryos implanted was 6.9 
of which 56.5 percent died after implantation as compared with 50 percent 
expected to die if two lethals are present. 

Fi normal-tailed females (+//®) from the cross to normal (Bagg albino) 
pregnant by their brothers (+//”), when dissected in the loth day of preg¬ 
nancy, showed 35.6 percent of resorbing embryos of similar size to those 
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found in the uteri of tailless females (table 3, mating 4). This group prob¬ 
ably contains the lethal class expected, but the proportion is higher 
than the 25 percent expected. A few -f//® females from BCi and F2 preg¬ 
nant by +//® males showed a similar proportion of the resorbing class. 

> ALLELISM OF T AND 

The results described above are consistent with the assumptions that the 
tailless line studied is heterozygous for the previously known dominant T, 
and for a recessive lethal f which, when present with T, results in tailless¬ 
ness. These appear not to cross over. Crossing over would result in gametes 
without either gene which, when fertilized (in inter se tailless matings) by 
a T gamete, would result in Brachy offspring or, by /” gametes, would give 
normal offspring. Neither of these has been observed among 239 offspring 
of tailless Xtailless in our experiments or among 63 offspring reported for 
the same line by Kobozieff (1935). Likewise 60 Fi normals from tailless 
by normal were shown to be + , indicating no crossing over in 60 
gametes of tailless. It is probable then that T and /*' arc alleles and that 
these two lethals are balanced in the tailless line by their allelism. If this 
is so, then two alleles, each of which is lethal when homozygous, are not 
lethal when combined with each other {T/f), a situation which is suffi¬ 
ciently unique to be regarded with some suspicion as a final explanation. 
If it proves to be correct, then it will show that the dominant allele T is 
not a deficiency, since when combined with a lethal opposite to it, a 
viable embryo results. The non-lethal nature of the compound T/t^ sug¬ 
gests that these alleles influence sufficiently different physiological proc¬ 
esses so that a defect in one is made good by the other. The probable 
existence of another lethal allele in other tailless lines (see below) which 
in combination with leads to normal development points in the same 
direction. Further discussion is deferred until a more rigid test of allelism 
is obtained. 


EXCESS OF TAILLESS OFFSPRING FROM FATHERS 

The hypotheses proposed fit the facts obtained, when f is introduced 
from the mother. When the father contains however, the proportions 
of offspring containing show significant departures in excess of the ex¬ 
pected. Tailless females crossed with normal (Bagg) males produced 63 
normals (+//®) and 51 Brachys (+/r); the reciprocal cross gave 140 
normals and 39 Brachys. Normal females heterozygous for (from Fi, 
BCi, BC2 and BC3), when crossed with Brachy males, gave the results 
shown in table 4 as compared with those expected on the above assump¬ 
tions. Comparable matings of males by Brachy females gave the 
results in table 5. 
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Table 4 


PAHRNTH 

NOKMAt 

4/+.+/(° 

OKKbPRlNQ 

TAILLKH.S 

Tlt^ 

BRACHY 

TI4- 

Fi 9 -|-//°XWrachy +/rd' 

164 

87 

84 

UC, 9 -|-//°XHrachy-|-/rd' 

90 

55 

55 

9 +//°X Brachy-f/7’cf* 

16 

9 

9 

BC3 9 -f//“XBrachy H-/r cf 

27 

14 

12 

/•2 9 +//°XBrachy 4//'cf* 

57 

37 

33 

I’otals actual 

354 

202 

193 

expected 2I 

: 1: r ratio ^74 5 

i<Sy 2 

iSy .2 

Sex ratios (per cent d'd') 

47.2 

58.0 

50 9 


Table 5 


I'ARKNTS 

NORMAL 

OFFSPRING 

TA 1 LLEB 8 

BRACHY 

d' 4 -//^X Brachy 9 (1st test) 

Fi cf 4 -//“X Brachy 9 (repetition) 

242 

171 

71 

(six Type i males only) 

491 

297 

147 

BC, d’ +//°X Brachy 9 

Ss 

47 

38 

BC'jd" +//°X Brachy 9 

53 

32 

15 

F2 0” "f//“X Brachy 9 

35 

26 

24 

BCacT X Brachy 9 

118 

77 

27 

Total 

1024 

650 

322 

Kxpected 3 ' 2 ‘ i ratio 

qqS 

965,3 

332^6 

Sex ratios (per cent cf cf ) 

45 8 

54-9 

48 7 

Fi d 4 -//°X Brachy 9 (two type 2 males only) 

159 

124 

34 

Sex ratios (per cent cf ) 

46 5 

59 5 

45-9 


These results dearly establish that 4 -//“ males produce a significantly 
higher proportion of tailless progeny when tested by Brachy than do +/i“ 
females. The +/ 7 ® males in table 5 arc sibs of the 4 - 7 " females in table 6 
and the Brachy animals used were all from the same Brachy stock. 

Moreover, different 4 -/ 7 ® males appeared to give different proportions 
of tailless progeny. A special test of this point is in progress (repetition 
of Fi cfXBrachy, table 5). Eight Fi 4 -//“ males have been tested by 
crossing with Brachy females. Six of these have each produced normal, 
tailless and Brachy progeny in a ratio approximating 3/6 normal; 2/6 
tailless; Brachy (actually 491:297:147). Two males each gave very few 
Brachy offspring (actually 159 normal 1124 tailless:34 Brachy). The exist¬ 
ence of two types of -f//® males indicates that another factor or factors 
are involved and these arc being studied further. The difference is not due 
to the source of the f gene since males receiving it from the mother produce 
progeny in the same proportions as those receiving it from the father. 
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Omitting the results from males shown to be of the second type, the ratios 
as a whole give a good fit to a 3:2; i ratio. 

The departure of this from the 2:1:1 ratios regularly obtained from 
+/i“ females is probably not due to sex-linkage. The gene is certainly 
not sex-linked, since it is transmitted regularly to both sexes by T//® and 
by +//" males and females. No marked variations in the sex ratios of the 
three types of progeny obtained from cro.sses of these genotypes by Brachy 
females have been observed (tables 4 and 5). The slight excess of males 
among the tailless progeny may be due to differential viability. 

The peculiarity in inheritance of is its more frequent transmission 
through the sperm than through the egg. Most males of the type -t-/<" 
appear to produce about twice as many /" as -f sperm, as inferred from 
the production of twice as many 7 '//“ as T/-!- progeny when crossed with 
Brachy. Such a condition might arise if /" spermatocytes were to undergo 
one further equational division although we have no direct evidence on 
this. 

A similar excess of offspring with /“ is found wherever f is introduced 
from the male. Thus tailless males by Brachy females gave 121 normals 
(-f//®), 46 Brachy (+/T) and 122 tailless O'/l"); the tailless progeny out¬ 
number the Brachys by over two to one, equality expected. However, 
normal (Bagg albino) females by tailless males gave 140 normal (+//") and 
only 39 Brachys {+/!'), a wide departure from a 2:1 ratio. Here again 
individual tailless males may give different ratios and this must be tested 
in’new experiments. Kobozikff (1935) also crossed normal females from 
a laboratory stock of albinos with A tailless males and obtained 46 normals 
only. His reciprocal cross gave 12 normals and 13 Brachys; ours gave a 
similar result, 63 normals and 51 Brachys. Kobozieff attributed the 
difference to genetic differences in the normal animals used in the re¬ 
ciprocal crosses; but this cannot be true in our case, since we have used 
only animals from the 40th-5oth brother-sister generations of our stock of 
Bagg albinos. The differences are probably due to peculiarities in the 
transmission of ^® by males. 

The ratios of non-viable embryos reveal a similar distortion whenever 
f® is introduced through the male. Thus dissections of tailless females preg¬ 
nant by tailless males gave unexpected ratios as follows: 


T/f 9 X T/t° cf 

rouNO 

PERCENT 

EXPECTED 

(nokiial 

begrroation) 

EXPECTED 
(a 1 7 * SPERM) 

Brachy homozygotes TT (dead) 

13.8 

25 

16.6 

Early resorption W (dead) 

40.6 

25 

33*3 

Viable T/f 

45-6 

so 

so 
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The data do not fit the ratio expected if both eggs and sperm segregate 
in I T: i ratios; the lit is better, although still is not perfect to the as¬ 
sumption of a i:i ratio among the eggs but a 2 7 " ratio among the 

sperm. 

Similarly, in crosses of tailless male {T/t'^) by Brachy female {T/+) 
25 percent of TT embryos are expected. This class is readily recognized 
and the classification is accurate. Actually only 10 percent were found in 
this cross, which correlates fairly well with the deficiency of Brachys 
( 4 -/ 7 ') and the excess of tailless (T/l^^) among the progeny born (table 2, 
Exp, 4). Finally the dissections of matings of 4 -//‘’X 4 -//" (Fi normals 
from taillessXnormal) showed 35.6 percent of the early lethal type 
which is to be compared with 25 percent expected if segregation is normal 
in both sexes or with 33.3 percent if sperms segregate in 2 t^/i+ ratio. 
Because of wide variations in different individual matings, this question 
will require further study. 

TAILLESSNESS IN OTHER LINES 

It has not yet b(^en possible to complete a comparable analysis of the 
inheritance of taillessness in lines 29 and 19. Preliminary evidence however 
is sufficient to show that each of these lines is heterozygous for T and for 
.some other recessive condition like which, in combination with T, pro¬ 
duces taillessness. The additional gene in line 29 is probably not the same 
as that which occurs in line A, since these two lines when crossed produce 
both tailless and normal progeny (table 1). In our cross these occuired in 
a ratio of about 2:1. This would result, if line 29 carried an allele such as 
of the gene of line A. I'he normal progeny from the cross 29 XA would 
thus be fhat is, the compound of two lethals would be viable. This 
hypothesis is being tested. Line 19 apparently differs from line A, but 
there is as yet no evidence (except mode of origin) to indicate that line 19 
differs from line 29. No embryological evidence has yet been obtained 
regarding the assumed lethals in either of these lines. 

SUMMARY 

Experiments with a pure breeding line of tailless mice discovered by 
Dobrovolskaia-Zawadskaia show that such tailless mice contain two 
factors, T and which are probably alleles, each of w^hich is lethal when 
homozygous. The combinations of these have the following effects: 

—tailless; 

7 " 7 '—characteristically abnormal embryos dying about ii days after 
fertilization; 

/V—abnormal embryos dying shortly after implantation, probably 
during the 7th day after fertilization; 
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T H—short-tailed (Brachyury); 

/®-i—normal. 

The segregation of from either T or 4- occurs normally in oogenesis. 
When f is transmitted by the male, a marked excess of offspring with 
is found, corresponding to a sperm segregation ratio of about 2 <®:i -f-. 

Taillessness probably rests on a similar basis in two other tailless lines, 
that is, the Brachyury lethal T may be balanced by a recessive lethal 
allele. The second lethal may be different in different tailless lines. 

LITERATURE CITED 

Chesley, Paul, 1932 Lethal action on the short-tailed mutation in the house mouse. Proc. Soc. 
Exp. Biol, and Med. 29: 437-438. 

1935 Development of the short-tailed mutant in the house mouse. J. Exp. Zool. 70: 429-459. 
Dobrovolskaia-Zawadskaia, N., 1927 Sur la mortification spontan6e de la queue chez la souris 
nouveau-n6e et sur Texistence d un caractere (facteur h6reditaire) non-viable. C. R. Soc. de 
Biol. 97: 114-119. 

Dobrovolskaia-Zawadskaia, N. and Kobozieff, N., 1927 Sur la reproduction des souris 
anoures. C. R. Soc. Biol. 97: ii6-ii8. 

1932 Les souris anoures et la queue filiforme qui se rcproduisent entre elles sans disjunction. 
C. R. Soc. Biol, no: 782-784. 

Kobozieff, N., 1935 Recherches morphologiques et g6n6tiques sur I’anourie chez la souris. Bull. 
Biol. 69: 267-398. 



AN ANALYSIS OF CHROMOSOME STRUCTURE AND 
BEHAVIOR WITH THE AID OF X-RAY 
INDUCED REARRANGEMENTS 

LADLEY BUSTED 

Hussey Institution, Ilanard University, Massachusetts 
Received April 7, 1936 

T he structure of the chromosome during various phases of the cell 
cycle is associated with coiling and twisting of the chromonemata. 
At mitotic anaphase the two chromatids of each chromosome are inde¬ 
pendently coiled, and remain coiled during the resting stage. At early 
prophase the minor coils relax and begin to expand. As the relic coils begin 
to straighten out, new minor coils form in each chromatid. During the pro- 
phase stages the two chromatids are twisted about each other or “relation- 
ally coiled.” Contraction of the chromatids tends to eliminate the rela¬ 
tional coiling, so few twists remain at metaphase, and the daughter 
chromosomes separate freely at anaphase. 

The characteristic features of chromosome structure and behavior at 
meiosis include: (i) the elimination of relic coils before new minor coiling 
is initiated; (2) pairing and relational coiling of homologous chromosomes; 
and (3) the formation of major coils. The elimination of the relic coils 
before new minor coiling begins seems to be necessary as a preliminary to 
chromosome pairing (Sax and Sax 1935). The formation of major coils is 
not related to chiasma formation or the elimination of relational coiling 
of chromatids (O’Mara, unpublished). The relational coiling of chromo¬ 
somes, and perhaps the relational coiling of chromatids in each homologue, 
seems to be involved in chiasma formation and crossing over (Darlington 

1935)- 

To arrive at an understanding of the mechanism of crossing over, it is 
essential that as clear a picture as possible be had of each detail of chromo¬ 
some structure and behavior which is even remotely related to the process 
of chiasma formation. The relational coiling of chromatids inTradescantia 
has been studied directly at second meiotic anaphase, late prophase, and 
metaphase of the microspore mitotic cycle, when the chromatids are easily 
seen, and indirectly at the interphase and early prophase by means of 
chromosome configurations which do not permit free separation of daugh¬ 
ter chromosomes. It has been possible to demonstrate what appears to be 
an increase in the amount of relational coiling during the phase of the 
mitotic cycle when individual chromatids cannot be completely resolved. 
The chromosome configurations which make this demonstration possible 
are of further interest and will be described in some detail. 


Gemxtics ax: S37 Sept. 1036 
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Microspores of Tradescaniia paludosa were subjected to approximately 
1,000 r-units of continuous X-radiation. The normal development of the 
microspores in this plant has been described in detail by Sax and Ed¬ 
monds (1933). The development from the tetrad stage to the division of 
the microspore nucleus requires about five days during the summer 
months. The nucleus appears to be in the resting stage for two or three 
days. During this period the microspore enlarges, and the orientation 
of the nucleus and cytoplasm is accomplished. The prophase stage begins 
on the third or fourth day, and the metaphase occurs on the fifth day. 
The duration of the cycle depends, to some extent, on weather conditions. 

The X-ray treatment seems to be more effective in producing abnor¬ 
mality during meiosis than during the somatic resting stage. This differ¬ 
ential effect provides a method for timing the duration of microspore de¬ 
velopment. The young microspores subjected to the X-ray dosage em¬ 
ployed continued to develop. The microspores produced after X-ray treat¬ 
ment—that is, those which resulted from irradiated meiotic cells -were 
shriveled and sterile. The microspores which divided on successive days 
after treatment were X-rayed during the developmental period. When only 
aborted microspores appeared, it could be concluded that the microspore 
cycle had ended. The period from treatment to the appearance of only 
sterile microspores was from 8-9 days, as compared with 5 days for normal 
plants grown during the summer months. Part of this discrepancy is at¬ 
tributed to greenhouse conditions during the fall and winter months, and 
part to a retardation of development as a result of treatment. 

On the day the treatments were given, and to a lesser degree on the day 
after, few satisfactory preparations were obtained. The chromosomes were 
badly clumped and poorly stained. On the second and subsequent days 
after treatment excellent preparations were possible. Since the cycle from 
the quartet stage to metaphase was completed in 8-9 days instead of 5, 
nuclei at metaphase 4 days after treatment were probably rayed during the 
early prophase stage. Those at metaphase 5-9 days after exposure were 
undoubtedly resting nuclei at the time the treatment was given. Aceto- 
carmine preparations of the first microspore mitosis, smeared each day 
after treatment, were made permanent after the method described by 
Buck (1935). 

OBSERVATIONS 

Before the anaphase chromosomes of the second meiotic division enter 
into the quartet resting stage, they are dearly coiled in the form of minor 
spirals. It is difficult to determine directly whether the chromosomes at 
this stage are made up of two spirally wound chromatids “which are not 
twisted around each other but run parallel as two independent spirals quite 
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free from each other . . as Kuwada and Nakamura (1935) report. Sax 
and Sax (1935) have observed constricted regions in the chromosomes 
which they interpret as twists in two partially separated spirals, confirm¬ 
ing the double nature of the second anaphase chromosomes reported by 
Nebel (1932) and Kuwada and Nakamura (1935). An analysis of 50 
second anaphase chromosomes revealed no constricted regions (half turns 
which spiralled chromatids make around each other) in 12 chromosomes, 

I constriction in 20 chromosomes, 2 constrictions in 16 chromosomes, and 
3 in 2 chromosomes. In 9 of the chromosomes containing 2 constrictions, 

1 occurred in each chromosome arm. In the chromosomes with 3 constric¬ 
tions, 2 were found in i arm and i in the other. Some of the half turns ob¬ 
served may be cancelled by another half turn in an opposite direction in 
the same chromosome. Notwithstanding this possibility, a total of 58 half 
turns were found, or an average of 1.16 half turns per chromosome at 
second anaphase.’ 

At the earliest prophase, chromosomes are in the form of minor spirals. 
The minor spirals appear somewhat relaxed, but it is clear that they have 
not been eliminated during the resting stage. A similar observation has 
been reported by Darlington (1935), w^ho says: “The correspondence of 
the spirals seen at early prophase with those seen at telophase show's that 
no great change of position has taken place during the resting stage-* that 
it is mechanically what its name implies.” As prophase advances, the old 
minor, or relic spirals, appear to relax more completely. They are optically 
single. The gyres of these spirals tend to increase in diameter and decrease 
in number as the chromosome shortens. When the presence of relic spirals 
is no longer obvious, each chromosome is definitely made up of two 
chromatids w^hich are independently spiralled and tend to be relationally 
coiled. At least 3 half turns of the chromatids around each other can be 
seen in some chromosomes at this stage (Sax and Sax 1935). 

The direction of the relational coiling in 118 chromosome arms at late 
prophase and early metaphase w^as “right” in 60 arms and “left” in 58. 
The direction in both arms of 50 chromosomes was “right” in 18, “left” in 
18; and in 14 chromosomes “right” in one arm and “left” in the other. The 
direction of relational coiling is apparently not at random in the 2 arms. 
In approximately a third, instead of a half of the chromosomes, the direc¬ 
tion is reversed at the fiber attachment. At late metaphase the majority 
of the chromatids are parallel or, at most, make an occasional half turn 
around each other. The relational coiling is evidently reduced as the 
chromosomes shorten during prophase. In 195 chromosome arms at late 

‘ I am indebted to Professor Kakl Sax for the loan of the preparation froni which these data 
were taken. 
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metaphase, 56 half turns (or overlaps) were found. This is an average of 
0.57 of a half turn per chromosome. The daughter chromosomes (3 with 
median and 3 with submedian fiber attachments) measure ca lo-iaju long 
and 1.3/i in diameter. They separate freely at anaphase. 

At the first mitosis after X-ray treatment, daughter chromosomes in 
three chromosome configurations do not separate regularly in the normal 
manner. Chromosomes with two attachments, chromosomes with fused 
chromatids, and ring-shaped chromosomes are configurations of this type. 
They differ from structurally unchanged chromosomes by usually break¬ 
ing at the anaphase stage. 

Chromosomes with two fiber attachments 

Chromosomes with two fiber attachments were found frequently at met¬ 
aphase of the microspore division. The chromatids between the two attach¬ 
ments were parallel or often twisted about each other. The daughter 
chromosomes were observed to disjoin in three ways at anaphase. 

(1) Both of the attachments on each daughter chromosome go to the 
same pole. The chromosomes remain intact, and two daughter nuclei re¬ 
sult, with the same chromosome situation as the parent nucleus (figs, i 
and 2). 

(2) The two attachments on each daughter chromosome go to opposite 
poles. The chromosomes then become attenuated and are observed to 
break, as they eventually must if disjunction is to be completed (figs. 3 
and 4). 

(3) The two attachments on each daughter chromosome go to the same 
pole but, because the chromosomes are interlocked, at least one and some¬ 
times both chromosomes are broken (fig. 5). 

In the cases where the two attachment points on each daughter chromo¬ 
some pass to the same pole and the daughter chromosomes are interlocked 
(fig. s), the two chromatids comprising the segments between attach¬ 
ments have made one complete turn about each other. In figure 3, one 
half turn is involved; in figure 4, three half turns. In figures i and 2, there 
is no twisting, and the two chromatids must have been lying parallel, in 
one plane at metaphase. 

The number of turns two segments can make around each other is 
dependent upon the length of the segments and their diameters. If the 
amount of twisting per unit of chromosome length in one species is to be 
compared with the amount of twisting in a species with dissimilar chromo¬ 
somes, both the length and diameter of the chromatids must be considered. 
The length of the segment between two attachments, divided by the diam¬ 
eter of the daughter chromosome, will give a ratio which can be used to 
express segment length and to compare twisting.* 
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The ratio was determined for twenty-five chromosomes which disjoin 
without breaking, for twenty-five which separate as in (2), above, and for 
twenty-five which separate in a way that necessitates the breakage of at 
least one daughter chromosome. The averages of these ratios and the ex¬ 
tremes in each case are given in table i. An anaphase chromosome with 



Text figures i~8. Mitotic anaphase chromosomes with two fiber attachments and chromo¬ 
somes with fused chromatids. Figs, i, 2, and 5. Two attachments on each daughter chromosome 
moving to the same pole. Figs. 3 and 4. Two attachments on each daughter moving to opposite 
poles. Fig. 6. Metaphase chromosome with fused chromatids. Figs. 7 and 8. .Xnaphase chromo¬ 
somes with fused chromatids. X 2360, 


fiber attachments moving toward opposite poles appears approximately 
twice as frequently as a chromosome which is interlocked. 


* Unless otherwise stated, the actual length divided by the average diameter of a daughter 
chromosome and the actual circumference divided by the average diameter of a chromatid or 
daughter chromosome will be referred to as “length” and “circumference,” respectively. 
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The chromosomes which separate without breaking (i) have an average 
ratio of 2.5; those which separate in the manner which demands the break¬ 
age of both daughter chromosomes (2) have an average of 6.9; and those 


TABLh 1 

Average ^length^ of segment between attachments. 


Type of disjunction (see text) 

(i) 

(2) 

(3) 

Average “length” of segment between attachments 

2.5 

6.9 

7 -S 

Extremes 

0.7-7.0 

2.0.11 

.0 3.0 16 

Average “length” of segment in (2) and (3) per i full turn 
Number of chromosomes 

25 

25 

9.6 

25 


which have a breakage of at least one daughter necessary for disjunction 
(3) an average ratio of 7.5. The results show that at the first division after 
the formation of a chromosome with two fiber attachments, variation in 
its behavior can be expected depending upon the ^‘length” of the chromo- 



LENGTH OF SeeM£NT 

Text figure 9. Relation of “length” of segment between two attachments 
to type of separation at mitotic anaphase. 

some segment between the two attachments. If the attachments are rela¬ 
tively close together, they behave usually as a unit, although one may 
apparently precede the other toward the pole. A chromosome with two 
attachments widely separated rarely disjoins completely without the 
breakage of one or both daughters. Seventeen of the i8 chromosomes 
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which have a ratio under 3 are separating without breaking. Twenty-nine 
of the 30 chromosomes which have a ratio of 7 or higher are separating in 
a manner which will result in the breakage of one or both daughter chromo¬ 
somes (fig. 9). 

The three types of disjunction observed can most easily be interpreted as 
the result of twists present in the sister chromatids when the structural 
change, resulting in a chromosome with two attachments, was induced. 
In a normal chromosome these twists tend to straighten out during the 
contraction of the prophasc chromosome, and few are present at meta¬ 
phase. If chromatids do not rotate at the attachment point, the twists, or 
turns chromatids make around each other, present between the two attach¬ 
ments of a structurally changed chromosome, could not straighten out. 
When no turns exist between the attachments, the two attachments on 
each daughter chromosome pass to the same pole. Should a half turn, one 
and a half turns, etc., be present, the two attachments on each daughter 
move to opposite poles. A full turn, two, three turns, etc., necessitate the 
f)assage of the two attachments on each daughter to the same pole, and 
breakage results. 

Fused Chromatids 

Chromatin bridges’^ have been frequently reported as a result of X-ray 
treatment. These extend from one anaphase group of chromosomes along 
the long axis of the spindle to the other pole. At the first metaphase after 
X-ray treatment, chromosomes arc often seen which show only two free 
chromatid ends instead of four. The chromatids in one arm of these 
chromosomes arc so completely fused that it is impossible to determine 
exactly where a union of ends has occurred (fig. 6). In every cell contain¬ 
ing a chromosome with fused chromatids, chromosome fragments are also 
found. The fused chromatids do not allow free separation of the daughter 
chromosomes at anaphase. As a result, a chromatin bridge is formed 
(fig. 7). The attached sister chromatids become attenuated and undoubt¬ 
edly break. Ring-shaped chromosomes are also found separating at ana¬ 
phase. The lengths of the two chromatin segments between the sister 
attachments are of unequal length (fig. 8). These are most probably the 
result of two chromatid fusions. If the two chromatids of a chromosome 
with fused chromatids again fuse, after a breakage has occurred at ana¬ 
phase, and subsequent breakages should occur at points other than at the 
point of previous union, gene duplication and deficiency would result in 
this type of chromosome as well as in a chromosome with two attachments. 

Ring-Shaped Chromosomes 

Sixty-five ring-shaped chromosomes were found at late prophase, meta¬ 
phase, and anaphase of the first division after treatment. Ten of the 65 
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were clearly “disjunctional.” The two chromatids comprising these rings 
were not twisted about each other (fig. lo). At anaphase the daughter 
chromosomes should separate as freely as the chromosomes with two 
attachments shown in figures i and 2. The ^‘disjunctionaP' rings had an 
average ‘‘circumference” at metaphase of 3.8, the largest a “circumference” 
of 5. The average “inter-attachment” segment “length” in “disjunctional” 
chromosomes with 2 attachments (table i) was nearly 3. Disjunctional 
rings may be formed by the union of one broken end of each chromatid 
with its other broken end. 



Text figures 10-16. Ring-shaped chromosomes at mitotic metaphase and anaphase. Fig. 10. 
“Disjunctional.” Figs. 11-13. “Interlocked” ring-shaped chromosomes. Chromatids make one turn 
about each other in ii, two turns in 12, and three turns in 13. Figs. 14-16 “C’ontinuous” ring- 
shaped chromosomes Chromatids make a half turn about each other in 14 (a, metaphase; b, 
anaphase), one and a half turns in 15, and two and a half turns in 16. X2360. 


Thirty-seven of the ring-shaped chromosomes were “interlocked.” The 
two chromatids in 31 of them made one complete turn around each other 
(fig. 11). Twenty-eight of these 31 rings were at metaphase or anaphase, 
had a circumference no greater than the length of a normal metaphase 
chromosome, and an average “circumference” of 7.5. The chromosomes 
with 2 attachments in which the chromatids make one full turn around 
each other (fig. 5) had an average “inter-attachment” segment “length” of 
7.5. In s-ring chromosomes, the chromatids made 2 full turns around each 
other (fig. 12), and in one chromosome 3 full turns (fig. 13). The chromo¬ 
some in figure 13 is at anaphase. It is somewhat stretched and measures 
ca i6|i in circumference. At metaphase it probably had a circumference no 
greater than the length of a normal chromosome. These ring-shaped 
chromosomes range from 3/1 in diameter to i6ju in circumference. They may 
be formed by the union of one broken end of each chromatid with its other 
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broken end, the sister chromatids being twisted 1-3 times around each 
other prior to the union. 

Eighteen of the ring-shaped chromosomes were ‘^continuous.” In 14 of 
them, the two chromatids made a half turn around each other (fig. 14). 
The 10 simple “continuous” rings which were at metaphasc or anaphase, 
could be measured and had a circumference no greater than the length of 
a normal chromosome, had an average “circumference” of 6.5. The chromo¬ 
somes with two attachments in which the chromatids made a half turn 
around each other had an average “inter-attachment” segment “length” 
of 6.9. In 3 of the ring chromosomes the chromatids made 1.5 turns around 
each other (fig. 15); and in one, 2.5 (fig. 16). The “continuous” rings may be 
formed by the union of one broken end of each chromatid with the other 
broken end of its sister, 0-2 additional full turns of the sister chromatids 
about each other being involved. The 38 simple “interlocked” arid “con¬ 
tinuous” ring chromosomes measured had an average “circumference” of 
8.3 per full turn. 

At anaphase the “interlocked” rings cannot disjoin without the breakage 
of at least one daughter chromosome. The simple “continuous” ring opens 
out after metaphase to form a chromosome twice the size of the original 
configuration. This double-sized ring, as well as the more complex “con¬ 
tinuous” rings, must break in two places during the anaphase separation. 

There does not appear to be a statistically significant difference in the 
average “circumference” of the simple “interlocked” and “contintious” 
ring-shaped chromosomes produced by X-ray treatment of the early rest¬ 
ing, the late resting, or the early prophase stages (table 2). Five of the 
more complex ring-shaped chromosomes (that is, those in which the 


1 ABLE 2 

Average ^circumference' of ring-shaped chromosomes. 


Number of days between x-ray treatment 





and metaphase 

2-4 

5 

6-9 

2-9 

Appro.ximate stage treated 

early 

late 

resting 

— 

Average “circumference” of simple inter- 

prophasc 

resting 



locked rings 


6.98+ .49 

8.64+ .7S 

7-47 

Number of chromosomes 

7 

14 

7 

28 

Average “circumference” of simple con¬ 





tinuous rings 

__ 

6.6± 1.12 

6.46± 1.16 

6.5.S 

Number of chromosomes 

—- 

5 

5 

10 

Average “circumference” of simple con¬ 





tinuous and interlocked rings 

7-3 

6.87 

7.73 

7-23 

Total number of chromo.somes 

7 

19 

12 

38 
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chromatids make more than i full turn around each other) resulted from 
treatment applied at the resting stage, and five from treatment given at 
early prophase. 


DISCUSSION 

A normal metaphasc chromosome at the first microspore mitosis in 
Tradescantia has a ‘^length” of ca 4-5 for each arm. The chromatids of 
this chromosome are usually lying parallel, or at most make a half turn 
around each other. An average of ca 2 half turns for every 7 arms, or 0.57 
of a half turn per chromosome, is present at this stage. In figure 9, 7 half 
turns are found between the 2 attachments in the 7 segments with 
‘^lengths” of 3“4.9. The 50 chromosomes with 2 attachments, between 
which ^ or I full turn occurs, have an average “length" per i full turn of 9.6 
(table 1). The 38 ring-shaped chromosomes, in which ^ or i full turn of the 
chromatids around each other is present, have an average “circumference” 
per I full turn of 8.3. The number of turns per unit of “length” and ‘^cir¬ 
cumference” in chromosomes with 2 attachments and ring-shaped chromo¬ 
somes is approximately equal and over three times the average number 
of turns found in a normal metaphase chromosome. 

There may be at least 1.5 full turns of the chromatids around each other 
in a normal chromosome at late prophase. At metaphase this number has 
been reduced, so at most an occasional half turn or overlap is present. 
A reduction in the amount of relational coiling is obviously prevented in 
ring-shaped chromosomes and chromosomes with two attachments. In 
ring-shaped chromosomes there are no free ends to rotate. Any relational 
coiling present at the time these chromosomes were formed could not be 
eliminated by the contraction of chromosomes during prophasc and early 
metaphase. Since the amount of relational coiling in ring-shaped chromo¬ 
somes and chromosomes with two attachments is approximately equal at 
metaphase, an interesting property of the fiber attachment is demon¬ 
strated by means of these configurations. 

The fiber attachment has been known for some time as the constant 
and well differentiated portion of a chromosome which separates first at 
anaphase and precedes the body of the chromosome toward the pole. In 
many organisms the chromatids are so intimately associated at the fiber 
attachment that this limited section of the chromosome appears to be 
single. At late metaphase, after the chromatids have become oriented, the 
anaphase separation is first initiated at the region of the chromosome 
which previously showed no evidence of being two-parted. The character 
of the fiber attachment region apparently changes abruptly during meta¬ 
phase. The change, according to some workers, is probably brought about 
by its division at this stage. The fiber attachment is known to be four-parted 
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at metaphase of the microspore division, and two>parted at anaphase in 
chromosomes which are especially favorable material for the study of 
chromosome structure (Trillium; Huskins and Hunter 1935). A half 
turn of sister chromatids around each other may be present in a segment 
between two attachments which is no longer than twice the diameter of a 
daughter chromosome (fig. 9). The contraction of the chromosome does 
not produce a strain which is great enough to cause a rotation of the 
chromatids at the fiber attachment. Although this portion of the chromo¬ 
some is 2-parted, it behaves essentially like an undivided region prior to 
anaphase. 

The direction of relational coiling in the arms of a Tradescantia chromo¬ 
some does not appear to be at random. It changes at the fiber attach¬ 
ment in only about a third of the chromosomes. If, in the formation of a 
ring-shaped chromosome, breakage occurs at the time of treatment, and 
the union of broken ends is accomplished immediately, there would be no 
opportunity for an untwisting of chromatids that are relationally coiled 
in the same direction on both sides of the attachment, between the time 
of treatment and metaphase. The average number of turns sister chroma¬ 
tids make around each other per unit of chromosome “circumference^^ at 
metaphasc would be a rough index of the number present at the time of 
treatment. If, on the other hand, breakage occurs at the time of treatment 
and union is delayed, the amount of relational coiling in ring-shaped 
chromosomes would be an indication of the average amount present when 
the union of broken ends is accomplished. This union may not take place 
until chromosome contraction at prophase has eliminated some of the 
relational coiling. The chromatids of the ring-shaped chromosomes (and 
chromosomes with two attachments) average 2 half turns around each 
other in a “circumference” (or “length”) which is slightly less than the 
“length” of a normal metaphase chromosome. It seems evident that the 
chromatids of such chromosomes averaged at least 2 half turns around 
each other at the time the broken ends united. In one ring-shaped chro¬ 
mosome 6 half turns were found. Approximately a third of the ring-shaped 
chromosomes were continuous, and no “disjunctional” ring had a “cir¬ 
cumference” greater than half the “length” of a normal chromosome. 

The two chromatids of a second anaphase chromosome in Tradescantia 
may average 1.16 half turns around each other (maximum number of half 
turns found in one chromosome is 3. After the formation of a ring-shaped 
chromosome, a half turn of chromatids around each other on one side of 
the attachments would be cancelled by a half turn in the opposite direction 
on the other side. When it is considered that the direction of relational 
coiling in the two arms of a second anaphase chromosome may be at ran¬ 
dom, or may change at the fiber attachment in about a third of the chromo- 
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somes (as it does at prophase), the average amount of relational coiling at 
anaphase, which would be expected to persist in a ring-shaped chromo¬ 
some, becomes nearer one half turn per chromosome. The ring-shaped 
chromosomes (as well as the chromosomes with two attachments) seem to 
indicate that the amount of relational coiling is increased to an average of 
at least two half turns per chromosome (maximum number of half turns in 
one ring-shaped chromosome is 6) some time before late prophasc of the 
next mitotic division. The maximum amount of relational coiling seen in 
the ring-shaped chromosomes is twice the maximum amount in a normal 
chromosome at the preceding anaphase. In structurally unchanged chro¬ 
mosomes, the average amount is reduced, as a result of chromosome con¬ 
traction during prophase to 0.57 of a half turn which remains at metaphase. 

McClintock (1932) has shown that broken ends of chromosomes have 
a strong tendency to unite with broken ends. Whether the union immedi¬ 
ately follows breakage or is possibly delayed, even for some cell genera¬ 
tions, has not been definitely determined (Stabler 1932). The similarity 
of the results of X-ray treatment applied during the early resting, late 
resting, and early prophase stages may be brought about by the delay of 
the union of broken ends until one prophase period, regardless of the stage 
at which the chromosomes were broken, or by a union concomitant with 
breakage. If the union of broken ends immediately follows breakage, an 
increase in the relational coiling of chromatids must occur during the 
telophase which precedes the resting and early prophase stages exposed 
to X-rays. If the chromosome ends, broken at different periods of the 
resting and early prophase stages, unite at a given midprophase period, 
an increase in relational coiling could take place at the beginning of pro¬ 
phase rather than at the preceding telophase. 

A brief consideration of mitosis and meiosis may suggest which of these 
explanations is the more tenable, and at what stage of the somatic cell 
cycle an increase in relational coiling might be brought about. The two 
chromatids of a mitotic anaphase chromosome seem to be in the form of 
tightly intermeshed (not interlocked) minor spirals (Nebel 1932; Kuwada 
and Nakamura 1935). They do not appear to be twisted around each 
other to any great extent. During the resting stage the spirals become re¬ 
laxed, but they are not eliminated (Darlington 1935; Sax and Sax 
1935)- As the nucleus enters mitotic prophase and enlarges, the gyres of 
each relic spiral become wider, and their number seems to be reduced as 
prophase advances and the chromosomes become shortened. When the 
spirals are nearly straightened out, each chromatid is seen to be independ¬ 
ently spiralled, and tends to be relationally coiled. The new spirals 
further shorten the chromatids during later prophase. The twists are 
passed off the ends of the chromosome, so few remain at metaphase. 
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The increase in size of the early meiotic nucleus and the leisurely prog¬ 
ress of the meiotic prophase permit a complete removal of the relic spirals 
before the new spiralization begins. At pachytene the chromosomes are 
extended to approximately twice the length seen at a comparable mitotic 
prophasc (Sax and Sax 1935). The mitotic and premeiotic resting stages 
appear to be identical. The essential difference between a mitotic prophase 
and an early meiotic prophase is the period at which the new spiralization 
begins in relation to relic spiral elimination. In mitotic prophase spiral¬ 
ization of chromatids begins at early prophase, before the relic spirals of 
anaphase are drawn out. When the relic spirals of the somatic chromosome 
are eliminated, the new minor spirals are well formed and the chromosome 
has been shortened to half its expanded length as seen in a meiotic chromo¬ 
some at pachytene. Relational coiling of chromatids is easily reduced as a 
chromosome shortens during late mitotic prophase, and becomes more 
rigid as the formation of minor spirals is completed. In meiotic prophase 
the chromosome elongates and ^^pairs” with its homologous chromosome. 
The elimination of the relic spirals (which is probably the major factor in 
the mechanism of elongation) is not accompanied by the formation of new 
minor spirals. The formation of these spirals is not initiated until after 
homologous chromosomes have become intimately “paired’^ (Sax and 
Sax 1935). 

A modification of the torsion theory of crossing over, proposed by Wil¬ 
son and Morgan (1920), seems to be most in accord with the cytological 
observation of bivalent chromosomes. This theory demands that the 
chromatids in each chromosome which associates with its homologue be 
parallel and not twisted around each other (Sax 1936). If this theory is 
sound, and if in nature there is an actual increase in the amount of rela¬ 
tional coiling of chromatids at the telophase stage of mitosis, this coiling 
would have to be eliminated before the association of homologous chromo¬ 
somes at meiotic prophase occurs. At early meiotic prophasc the chromo¬ 
somes are elongating and presumably becoming more flaccid. These chro¬ 
mosomes would more probably retain any relational coiling present than 
remove it. If an increase in the amount of relational coiling actually occurs 
when new minor spirals are being formed (that is, at early prophasc of 
mitosis and late pachytene of meiosis) the requirement of the torsion 
theory, in regard to relational coiling of chromatids, could be fulfilled. It 
seems more probable at present that an increase in relational coiling of 
chromatids is initiated at early prophase in mitosis when the formation of 
new minor spirals begins; and that the union of ends broken at the resting 
and early prophase stages is not definitely accomplished until a later 
prophase period. 

How should the chromosomes with two attachments and the ring-shaped 
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chromosomes described at the first mitosis after their formation be ex¬ 
pected to behave during later somatic divisions? Mather and Stone 
(1933) have reported the occurrence of chromosomes with two attachments 
in X-rayed Crocus and Tulipa root tips. They point out two ways in which 
these chromosomes can separate: the two attachments on one daughter 
chromosomecan gotothesameor toopposite poles.If theymove toopposite 
poles, the chromosomes become attenuated and probably break, even¬ 
tually giving rise to daughter cells which have chromosomes with only one 
attachment and which differ from the parent nucleus. It is reasoned, since 
the chances of either mode of division are taken to be equal, that the prob¬ 
ability of a chromosome with two fiber attachments surviving after n cell 
generations is 2"“; that “there is ... a strong tendency for such chromo¬ 
somes to disappear. . . This seemed to be the case in Crocus. Fixations 
made soon after treatment showed “a few” chromosomes with two attach¬ 
ments, while later fixations showed none at all. In Tulipa, however, four 
chromosomes with two attachments (two of the four existing together in 
a single nucleus) were found in root tips fixed three months after treat¬ 
ment. 

These chromosomes, illustrated in Mather and Stone’s figure 32, have 
ratios of ca 5, ti, 13, and 14. If the original chromosomes from which these 
four descended had like ratios, and it is assumed that Tulipa chromosomes 
with two attachments behave, at the first division after their formation, 
like Tradescantia chromosomes, only one of the four could have disjoined 
without a breakage. 

If fifty can be taken as a fair estimate of the number of cell generations 
accomplished during a period of three months and the chances of either 
mode of division of a chromosome with two attachments are equal, the 
probability of such a chromosome surviving after fifty cell generations 
would be 2*"®®. The finding of four of these chromosomes suggests that the 
chances of either mode of division are unequal, or, when breakage occurs, 
the broken ends tend to unite like the broken ends of ring-shaped chromo¬ 
somes. 

McClintock (1932) and McClintock and Rhoades (1935) have pre¬ 
sented the most complete study of ring-shaped chromosomes and their 
behavior. These chromosomes do not descend through many cell genera¬ 
tions unaltered. Losses, and less frequently additions, of sections of.chro¬ 
matin are continually occurring. These changes, they have suggested, may 
be causally related to the way a ring chromosome becomes split during 
mitosis. The product of chromosome splitting is not always two ring 
chromosomes lying side by side. “Instead, especially with large rings, many 
anaphase figures reveal that the end product of the splitting process has 
produced two interlocking rings or one large double-sized ring with two 
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spindle fiber attachment regions. In this latter case, the large single ring 
with the two spindle fiber attachment regions is built up from both split 
halves of the mother ring. On the simple hypothesis that the chromosome 
may start its splitting process at more than one place in the chromosome 
and that the planes of the splits so started do not correspond, it is rela¬ 
tively easy to see how such figures could be obtained. In both the inter¬ 
locking and double-sized rings, the pull on the chromosomes produced by 
the passage of the spindle fiber attachment regions to opposite poles intro¬ 
duces a strain on the chromosomes which eventually leads to breakage. 
In the case of the double-sized ring with the two spindle fiber attachment 
regions, the chromosome docs not always break in the middle but may 
break in several places, the parts 'idjacent to the spindle fiber attachment 
region at both poles passing into the telophase nuclei, the other parts being 
left in the cytoplasm. (Ibviously, then, the chromatin content and struc¬ 
tural arrangement of the original ring has become altered. It might be 
expected that this mechanism would produce rod-shaped chromosomes. 
On the contrary, the broken ends thus produced apparently reunite to 
form rings.’’ 

The assumption of the occurrence of a chromosome split in more than one 
plane is necessary to explain the behavior of persisting ring-shaped chro¬ 
mosomes that are continually breaking if the chromonema is single at 
mitotic anaphase, and the ‘^permanent” union of broken ends is accom¬ 
plished before any relational coiling of chromatids can occur. In Trade- 
scant ia, and in other plants with large chromosomes, there can be no doubt 
that the mitotic telophase chromosomes are at least two-parted. There is 
considerable evidence that they are four-parted (Nkbkl 1932; Stkbbins 
1935; Goodspeei), Uber and Avery 1935). The anaphase chromosomes 
of the second meiotic division in Tradcscantia are two-parted (Nebel 
1932; Kuwada and Nakamura 1935; Sax and Sax 1935; Dermen 1936). 
All the ring-shaped chromosomes which were found at the first division of 
the microspore in Tradescantia were formed, therefore, after the chromo¬ 
some split had occurred. One or both daughter chromosomes resulting 
from the majority of these rings will break at anaphase. At the time the 
breakage occurs, the daughter chromosomes will be at least two-parted, 
as was the parent ring at the time of its formation. A broken end of an 
anaphase chromatid may unite as often with the broken end of its sister 
as with its other broken end. Ring chromosomes which are continually 
breaking might persist in this way. Whenever the two broken ends of one 
chromatid unite, however, and the two sister strands are not twisted, a 
“disjunctional” ring-shaped chromosome would result. There would be a 
trend toward replacement of the "continuous” and "interlocked” types by 
“disjunctional” rings which separate without breaking unless relational 
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coiling of chromatids is increased before each union of broken ends. If the 
complete union of broken ends is delayed until somatic prophase, until 
after a relational coiling of chromatids has taken place, the behavior of 
ring-shaped chromosomes which are persistently breaking becomes under¬ 
standable without assuming that the chromosome split occurs in more than 
one plane. The chromatids of these chromosomes, especially the larger 
ones, may become relationally coiled and the broken ends fused completely 
at prophase after each breakage that is brought about during the previous 
anaphase separation. Chromosomes with two attachments should behave 
in the same manner. 

SUMMARY 

During the mitotic cycle the two chromatids of each chromosome are 
twisted about each other or relationally coiled. The amount of relational 
coiling during the preceding anaphase and late prophase and metaphase in 
microspore development of Tradescantia has been studied directly. During 
the resting stage, and early prophase, direct analysis is impossible, so these 
stages have been studied by means of X-ray induced chromosome configu¬ 
rations which retain their relational coiling until they break at anaphase. 

Among the abnormalities obtained after X-ray treatment were chromo¬ 
somes with two fiber attachments and ring-shaped chromosomes. The 
amount of relational coiling was approximately the same in both of the 
configurations. A study of these chromosomes shows that the reduction 
of relational coiling in a normal chromosome does not involve the rotation 
of chromatids at the fiber attachment point. The proportions of free and 
locked associations differ in the two types and can be attributed to the 
fact that the direction of relational coiling is at random for any two chro¬ 
mosomes, but tends to be in the same direction in the two arms of a single 
chromosome which fuse to form rings. 

The amount of relational coiling at metaphase in the ring-shaped chro¬ 
mosomes appears to be the same, regardless of the time of X-ray treat¬ 
ment between telophase and early prophase. This evidence suggests that 
the union of broken ends of chromosomes is not effected at the time of 
X-ray treatment, but occurs at a certain stage in prophase development. 
Such behavior would explain the persistence of ring-shaped chromosomes 
which are continually breaking. 

The available evidence indicates that there is little relational coiling of 
chromatids at anaphase during mitosis, an increase during prophase as 
new minor spirals are formed, and a decrease during very late prophase 
and metaphase as each chromatid becomes shortened, more rigid, and the 
formation of minor spirals is completed. In the meiotic prophase relational 
coiling is not initiated until homologous chromosomes are paired. 
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INTRODUCTION 

S tudies of chromosome aberrations such as polyploidy and trans¬ 
locations have contributed much to the understanding of the meiotic 
behavior of chromosomes. One.of the commonest types of structural 
difference in chromosomes within a species is that in which a segment of a 
chromosome has been inverted. These cases have not contributed as much 
as might have been expected toward an understanding of chromosome 
mechanics. It has been apparent for some time that they needed system¬ 
atic study, and that the series of X chromosome inversions accumulated in 
X-ray experiments furnished the necessary material. The present paper 
represents the results of a study made with these points in mind. 

• The cost of the accompanying tables and illustrations is paid by the Galton and Mendel 
Memorial Fund. 
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Recent papers on inversions illustrate the difficulties encountered in 
such studies. Gershenson (1935) and Stone and Thomas (1935) found 
that the chromatids resulting from single crossing over are not recovered, 
and by making egg counts showed that there is no detectable mortality 
that can be invoked to account for them. They concluded that single ex¬ 
change is so rare as to be negligible. Sidorov, Sokolov, and Trofimov 
(193s) showed by the use of attached-X females that single exchanges 
do occur with a high frequency; but they appear to have been unaware 
that egg counts fail to show any corresponding mortality. The dates show 
that at least the second and third papers mentioned and our own prelim¬ 
inary note (Beadle and Sturtevant, 1935) were all sent to press inde- 



Figuri: I - Diagram showing the nature of the inversions used in the present study. 


pendently. Our account, of which the present paper is the full presentation, 
included both the proof that single exchanges occur (using the same 
method as the Russian investigators), and the proof that there is no cor¬ 
responding egg mortality. We were faced with a seeming paradox, the 
only escape from which was the assumption that the single crossover 
chromatids are produced but are not included in the egg nucleus. We de¬ 
veloped a scheme that gives this result (pp. 59i“59b, and figs. 6 and 7), and 
that is in good quantitative agreement with the data in other respects. 

inversions studied 

There follows a descriptive catalogue of the inversions we have studied. 
Figure i shows the lengths of these inversions. The data on the extent of 
each inversion are largely from the experiments with females heterozygous 
for two inversions, which are described below. The egg mortalities asso¬ 
ciated with the inversions are given in a later section. 
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Inversion scute-4 

Agol (1929) subjected yellow flies to X-rays, and obtained an extreme 
scute allelomorph, sc^. This was found to be associated with a long inver¬ 
sion in the X chromosome, shown below to extend from a point between 
sc and slv to a point between cr and hb. Females heterozygous for this in¬ 
version give about 9 percent crossing over among their regular offspring, 
and also produce about 6 percent of patroclinous sons, as shown in table 
I. All the recovered crossovers are doubles. 

Our best experiments are those in which y, cv^ and / are followed, 
since here it is probable that few or no undetected doubles occur. The 
table shows a few crossovers entered as singles; these are evidently all 
really doubles in which the second crossover has occurred in the un¬ 
marked region between/ and the inversion point. In another experiment, 
in which cr and bb were present, but the rest of the chromosome was not so 
well controlled, two such apparent singles were tested and found in fact 
to represent cr bb crossovers as well. 

Table i shows a total of 108 crossover males to 63 patroclinous from 
XX females; the ratio between these classes, 1.71:1, will be discussed 
below. 


Table i 

Tests of females heterozygous for inversion sc-4. In this and following tables the crossover classes are 
labelled according to the standard sequence of loci, unless otherwise indicated In cases where two 
contrary classes are entered under one heading^ the right-hand or lower one of the 
two carries the mutant gene at the leftmost locus concerned. 


MOTHSRS 

RJBQ. 

sxc. 

0 


1 


2 


3 

1, 

2 

1,3 

2.3 

TOTAL 


sc^civf/ysc* 

344 

0 

”5 

150 

I 

2 

2 

I 

I 0 

I 

0 

3 5 

4 

6 

291 

18 

y* cv V fly sc^ 

331 

0 

154 

86 

3 

0 

0 

0 

I 2 

I 

0 

4 7 

5 

3 

266 

14 

v/y sc^ cvf 

8oi 

I 

294 

291 

2 

3 

7 

6 

0 2 

3 

2 

10 II 

6 

4 

641 

31 

y* cv vf/ysC^/Y 

397 

II 

144 

105 

3 

1 

4 

3 

I 4 

3 

2 

9 9 

4 

7 

299 

52 


The total crossover percentage among regular sons is 9.3 from the XX 
females, 16.7 from the XXY females. The latter value needs correction, 
however. Half of the exceptional gametes die, so the totals should be taken 
as regulars plus twice the exceptional females; this gives 50:299+22, or 
15.6 percent. It seems clear that the presence of a Y significantly increases 
the frequency of recovered double crossovers. 

Crossing over in SC-4/SC-4 is approximately normal. Three experiments 
are recorded (table 2). The third experiment also gave a total of 14 rever¬ 
sions of Bar and 6 occurrences of double-bar (in 8,523 flies), all of them 
/-/« crossovers. In many of these cultures the B flies were not classified 
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for f-fu. This serves to confirm the report of Muller and Weinstein 
(1933), based on sc-8 experiments, that unequal crossing over occurs only 
between non-sister strands even when the B locus is far removed from the 
spindle attachment. 

Table 2 

Crossing over in homozygous inversion sc^. Regular males only are recorded in the first experiment; 
in the second and third both males and females are included. 


MOTHERS 

0 

I 

2 3 1,2 

1.3 

2.3 

TOTAL 

cv erfw^f 

vficv 

BffBfu 

66 73 

93 94 
2707 

14 8 

31 20 

103 

43 42 9 16 23 

24 37 30 

I I 

I 2 

281 

302 

2810 


Inversion scute-y 

Dubinin (1930) has described scute-7. was obtained by X-raying 
apricot (w^) flies, and is a recessive scute allelomorph resembling but 
definitely different from scute-1. 

Females heterozygous for scute-7 have shown no crossing over for any 
loci to the left of d, and a reduction of crossing over for the interval from 
cl to Iz, To the right of Iz substantially normal values have been obtained 
(table 3). Tests of crossovers have shown that the decrease of crossing 
over is due to something lying to the left of in the region most affected. 


Table 3* 

8 C- 7 / 4 ' BC-7/8O-7 

LOCI -— --- --- 

N PKRCENT N PERCENT 


sc-w 

6213 

0 


— 

w-cv 

3103 

0 

— 

— 

fa-sn 


(0.4) 

603 

2.8 

m-ct 

1030 

0 

— 

— 

cc-sn 

1395 

0.4 

— 

— 

cv-v 

938 

7.5 

— 

— 

sn 4 z 

139s 

1.6 

292 

S-i 

k-v 

— 

(55) 

292 

3-4 

v~f 

678 

24.9 

350 

22.6 


* These values are all from XX females. Less extensive data are available for XXY females in 
the case of sc- 7/4-; they show no significant differences from the al ove values. 

Owing to the complete absence of crossing over to the left of ct it was 
at first impossible to test this region in homozygous sc-7. However, in a 
sc-7 chromosome a mutation occurred to an allelomorph of facet, found 
in an X-ray experiment by Mrs. C. E. Ruch. The results obtained with 
this chromosome, tested against genes introduced by crossing over (table 
3), show that the reduction of crossing over in heterozygous sc-7 is due to 
an inversion that includes fa but not sn. 
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The extent of this inversion has not been determined accurately by 
genetic methods, since it does not give viable crossovers with any other 
inversion we have used, unless special methods are used. Salivary gland 
chromosomes have, however, been seen to give typical heterozygous inver¬ 
sion figures that show the existence of a short terminal uninverted piece. 
Dr. J. Schultz has studied such preparations more carefully, and we are 
indebted to him for the information that the left inversion point lies close 
to the right of scute, the right one not far from the locus of crossveinless. 

Inversion scute-S 

Sidorov (1930) subjected apricot (w*^) flies to X-rays and obtained a 
bristle mutant described as a new scute allelomorph. The relations of this 
to the scute and achacte series are peculiar; but it is most convenient to 
retain the name scute-8 for it. There is an associated inversion which has 
been studied by several investigators (Patterson and Stone 1935; 
Stone and Thomas 1935). These authors have described its properties; 
the data given here are in essential agreement with their account. 

As will be shown below, the inversion extends from a point between 
ac and sc to a point to the right of bb. Its right end has been shown by Ger- 
SHENSON to be located in the inert region of the X. 

The crossing over shown by sc-8/+ is illustrated in table 4. Our other 
experiments are less satisfactory in that fewer or less well-spaced loci are 
concerned, but they agree in indicating that these are about the usual 
values. As in other cases, the classes listed as single crossovers are ob¬ 
viously really doubles, with the second crossover between forked and the 
right inversion point. 

No adequate data are available for crossing over in XXY sc-8/ + females. 

Table 4 shows that crossing over is of about the normal frequency in 
sc-8/sc-8, though (as briefly stated by Offerman and Muller, 1932) there 
are local differences from the standard values. The w^-cv interval gives 
6.1 percent, as opposed to the usual value of about 12 percent, whereas 
f’Cr gives 9.5 as opposed to about 6 percent. Thus in both cases the same 
section gives more crossing over when it lies far from the spindle attach¬ 
ment. 

Inversion scuie-S deficiency 

The scute-8 inversion reaches from a point between ac and sc to a point 
to the right of bb. We have found, as Noujdin (1935) has recently reported, 
that any series of sc-8, in which appropriate tests are made, produces 
occasional y-ac deficiencies, that is the left inversion point involves an 
unstable union of parts. The resulting chromosome is deficient for y, ac, 
and probably Hw, and for no other known loci. All the remaining known 
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loci are in reverse sequence. We have used this “Df sc-8” in some of our 
inversion experiments. 


7 'able 4 




Croiising over 

iw inversion 

sc-S jemales. 





In/+ 


In/In 



CLAB8KB 

8C-8 tt’" cr b/ 

ct 

tf** cicr 

-f 

rr 

B 



8C-8 ir" cr 

et f 

w " cr T f 


C» / 

0 

764 

341 

490 

407 

173 

CC 


QI3 

277 

509 

257 

123 

79 

I 

0 

I 

33 

26 

13 

9 


0 

I 

47 

31 

11 

5 

2 

4 

1 

29 

97 

52 

18 


3 

4 

42 

75 

27 

21 

3 

9 


345 

no 

54 

25 

14 


326 

94 

43 

20 


0 


74 




4 







4 


71 





0 

6 

0 

1 

0 

0 

L 2 

0 

14 

I 

I 

I 

0 

I- 1 

0 


13 

3 

4 

4 


0 


13 

5 

2 

4 


0 


6 




h 4 

I 


9 





2 


9 

18 

10 

3 

2 , 3 

3 


10 

5 

2 

1 


8 


6 




2,4 

12 


2 





20 


12 




3,4 

n 


IS 





0 


0 




1,3,4 

0 


1 





0 


0 




3, 4 

0 


I 





Exc. males 


57 


21 
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As in the cases of SC-4/+ and sc-8/+, the apparent single crossovers 
are evidently all ready doubles, in which the second crossover was to the 
right of/. The relative numbers of double crossover males (30) and patro- 
clinous males (31) need correction for comparison with other series, since 
only half the crossovers survive while the other half carry the deficiency. 
As thus corrected the ratio becomes 60:31 = 1.9: i. 

Tables 4 and 5 indicate that there are about twice as many crossovers 
recovered from Df (sc-8)/+ asfromsc-8/+. Analysis of a few other crosses, 

Table s* 


SC cvvf 

- X^cvvf 

Df (sc-8) 


INTSRVAL 

MALES 

niMALBS 


0 

211 

24s 


245 

I 

2I 
- 1 



5 

2 

V 




3 

7 

16 


9 

4 

I 

I 


6 


ol 

i 


1 

2,3 


1 



1,4 

ii 

^ 2 


5 

2,4 

7 ) 




3»4 

10 

8 


7 

Total 

241 


S5S 


Ex. 

31 





* Df sc-8 is lethal, so that each crossover class of males is represented only once. The females 
could not be classified for so intervals i and 2 were not separable in them. In the female row 
the not-yellow class is entered to the left in each case. Egg counts made by Miss M. Groscurth 
show that the males carrying Df sc-8 die in the egg stage. 

not here reported in detail because they include fewer genes or for similar 
reasons, suggests that the difference, if present, may be less than indicated. 
More experiments are needed. 

Females of the constitution Df (sc-8)/sc-8 have all their genes in the same 
sequence, but are heterozygous for a terminal y-ac deficiency. Table 6 
gives the crossing over observed. 


Table 6 

Crossing over in sc*B/I>f (sc-8) cv v f 9 9.* 


0x2 

3 

4 

x.a 

1.3 

mmn 

TOTAL 

89 62 26 16 8 6 

2 5 

0 0 

29 2 

25 27 

7 9 

332 


* This table gives the results of a cross toyev vj; it includes both sexes, and contrary classes 
are therrfore not equivalent because of the lethal nature of the deficiency. In reality the sequence 
is Df B / a cv; the classes above, renumbered on this basis, become, in the order given: o; i; 1.4; 








INVERSIONS IN DROSOPHILA 561 

From table 6 values for comparison with sc-8/sc-8, have been calculated: 



cv-ct cv-v 

v-f 

f-B 

f-cr B-m 

sc-8/sc-8 6.1 

4.8 17.4 

21.3 

— 

95 — 

sc- 8 /Df (sc- 8 ) — 

— 24.1 

22.6 

0 

— 19.0 


In the case of cv v the data suggest a difference; other experiments (in¬ 
volving fewer loci) with sc-8/Df (sc-8) give values of 18.7 (in 215 flies) and 
16.6 (in 380 flies). Both series are therefore to be taken as giving not far 
from 18 percent. 

Inversion CIB 

The “CIB” chromosome was first'^briefly described by Muller (1928), 
and has been very extensively u; ed since in special experiments. The most 
detailed account of its properties is that given by Gershenson (1935). 
Painter (1934) has figured the inversion that is visible in the salivary- 
gland cells of CIB heterozygotes. As described by Muller, this chromo¬ 
some has an inversion (shown below to extend from a point between ec 
and hi to a point between sy and /w), and carries a lethal and the mutant 
genes sc, t, v, se, and B. The leftmost of these, sc, lies outside the inversion 
and separates from it by crossing over occasionally. "J'he other mutant 
genes lying in the inversion are also occasionally lost by double crossing 
over. We should interpret the “reinverted” CIB chromosome described by 
Gershenson (1930) as having arisen from a triple crossover—a double 
within the inversion and a simultaneous single to the left of it. Gershen¬ 
son (1935) records a total of i percent crossing over for the whole chromo¬ 
some {sc to cr), a value that is, if anything, slightly higher than general 
experience would lead one to expect. About three-fourths of this crossing 
over is made up of singles to the left of the inversion. Our own data are 
less extensive than Gershenson’s, and need not be presented since they 
add nothing of importance. 

Gershenson has also studied crossing over in XXY females heterozy¬ 
gous for CIB. He found, as have we, that the exceptional females produced 
are practically always non-crossovers. After correcting his observed cross¬ 
over values by adding the non-disjunctional eggs to the observed non¬ 
crossover regulars, he arrived at the conclusion that approximately the 
same amount of crossing over occurs as in XX females. His values are 1.29 
percent for crossing over to the left of the inversion, .07 percent for doubles 
within the inversion, the differences from the XX values being opposite 
in sign and insignificant in amount; the percentages are, however, too small 
to be useful for such comparisons. 

Gershenson has added one other essential bit of evidence, concerning 
a relation we have not studied. He determined (the method used is not 
stated) the frequency of XX and XXY females among the regular daugh- 
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ters of XXY CIB females. His table IV shows that among the regulars 
carrying the CIB chromosome there were 47 XXY XX; among those 
carrying the non-inverted chromosome there were 68 XXY:63 XX. Evi¬ 
dently, in the regular eggs the Y is distributed at random. 

A similar relation was recorded by Bridges (1916) for XXY females 
carrying no inversion, half the regular daughters being shown to be XXY, 
the other half XX. Kikkawa (1932) reports that in D. virilis, significantly 
less than half are XXY. This result is based on cytological observations 
and seems to us to be doubtful. The Y of virilis is not visibly different from 
the X’s or from eight of the autosomes; under these circumstances whole¬ 
sale counts made on the minute oogonial chromosomes seem questionable. 

Table 7* 

dl-49 cm^ bb 

9- Xd'vBhb 

vcr 

XX 9 $ XXY 9 9 


Regular (/i) 9 


0 

220 

201 

134 

I 

30 

40 

152 

Exc. (+) 9 

Reg. (not-^)c?' 

0 

1 419 


578 

cm or cr 


5 f >7 

{v or not-r) 


V 

19 


40 

Exc. (v B) d' 

I 


480 


* In the male classes bh cannot be identified, and cm and cr are not separable. The v-cr cross¬ 
ing over can only be determined by doubling the v class of males, the contrary crossover, cm cr^ 
not being identifiable. In the female classes the crossing over detected is that between v and bb; in 
the case of the XXY females bb is suppressed by the Y present in some of the regular daughters 
so the observed classes are misleading. Using bb classes only the numbers are: non-crossovers 134, 
crossbvers 57. 

Inversion deUa-4g 

Inversion dl-49 was first described in an abstract by Muller and 
Stone (1931). The left break was shown to lie between rb and cm, the 
right between Jw and /. According to Painter (1934) unpublished data 
of these workers show that the right break lies between fw and g. Painter 
(1934) showed from a study of salivary chromosomes of females heterozy¬ 
gous for inversion dl-49 the left break occurred between rb and cv. 
Since the method that we have used for determining the ends of inversions 
could not (with the material at our disposal) be used with dl-49, we can add 
no further information. 

Females heterozygous for Inversion dl-49 give few or no crossovers 
within the inversion among their offspring. We have not collected any ex- 
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tensive series of data showing this to be true since it seemed quite unneces¬ 
sary. Inversion dl-49 is extensively used in “balanced” stocks and, so far 
as we know, no case of double crossing over within the inverted segment 
has occurred in heterozygous females; the opportunities for detecting such, 
had they occurred, have been abundant. 

Females homozygous for inversion dl-4Q show approximately normal 
crossing over both within the inversion and outside it, according to Stone 
and Thomas (1935). 

Females heterozygous for inversion dl-49 do give recoverable crossovers 
outside the limits of the inversion, those to the left occurring with consid¬ 
erably lower frequency than those to the right. Among 533 progeny of the 
cross inversion dl-49 ctr? fly ec cv ct^ v /Xy ec cv cfi v f, 3 or 0.56 per¬ 
cent were crossovers between y and ec. 

The data of table 7 show, from XX females, v-cr = S.j percent, v-bb = 
14.3 percent. The latter value may be taken as giving the amount of cross¬ 
ing over between the inversion and the spindle attachment; it is in reason¬ 
able agreement with the value of 13.4 obtained by Schultz (quoted by 
L. V. Morgan 1933). 

Table 7 also shows the crossing over from XXY females heterozygous 
for inversion dl-49. After correcting for the inviable non-disjunctional 
gametes the values are v rr = 4.5, v M = jo.i. Another series of XXY fe¬ 
males, of the constitution dl-49 m* bb/y^, gave (corrected) y^cm^ = o.$, 
y^bb= 13.4, based on 275 regular males and 70 bb regular females, respec¬ 
tively. The conclusion seems warranted that the Y somewhat decreases 
crossing over between the spindle attachment and the inversion. 

Inversion yellow-4 

According to Dubinin and Friesen (1932), the y-4 inversion was found 
by Serebrovsky. It presumably arose as the result of X-ray treatment 
and is inseparably associated with a mutation of the yellow gene to an 
allelomorph very closely resembling the original y’. As shown below, the 
leftmost inversion break is located very near to or at the yellow locus (to 
the left of it according to Muller and Prokofjeva 1935); the rightmost 
break is located between the genes fu and da. 

Females heterozygous for inversion y-4 give, among their regular off¬ 
spring, about 2.7 percent of double crossovers within the inversion; about 
2.4 percent of the sonsof such females are patroclinous. The data from which 
these percentages are obtained are presented in table 8. Certain of the cross¬ 
overs appear as singles within the inversion; they are presumably doubles 
with the second crossover in the short uncontrolled region between/ and the 
end of the inversion. The ratio of recovered double crossovers among male 
offspring of XX mothers (57) to patroclinous males (51) is 1.12:1. 
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The data from XXY females (table 8) can be compared with those from 
XX females, since the XXY mothers were sisters of approximately half 
of the XX mothers and since the two lots of XX data gave similar results 
(2.8 and 2.3 percent of males patroclinous, 2.7 and 2.0 percent of regular 
males crossovers). The percentage of crossovers among regular sons of 
XXY mothers is 6.1, or 5.8 when corrected for exceptional offspring. As 
in the case of inversion sc-4, the frequency of recovered double crossovers 
is increased by the presence of a Y chromosome. 

Table 8 


Crossing over in In y-4/sc cv vf and in sister In y-4lsc cv vffY females by B or sc B males. 



XX FKMALBS 



XXY rEMALBS 


5 9 9 
+ 99 

5cf’cf 

Regular males 

0 

2106 

I 

51 

1019 

1044 

287 

548 

30 

5 (> 

250 

i-a 

2 

3 

3 


3 

1-3 

16 

11 

9 


9 

l-( 4 ) 

0 

I 

I 


0 

2-3 

11 

8 

7 


6 

2 -( 4 ) 

3 

I 

0 


0 

3 -( 4 ) 

0 

1 

0 


0 

Total regular males 


2120 



575 


Inversion bobbed deficiency 

From X-ray treated males Sivertzev-Dobzhansky and Dobzhansky 
(1933) got an X chromosome carrying a deficiency for the proximal third 
of the somatic metaphase X chromosome, and a small-wing {si) allelo¬ 
morph. Females heterozygous for this and a normal X chromosome gave 
very low crossover values, a result ascribed by the above workers to the 
presence of the deficiency in heterozygous condition. We have obtained 
clear evidence that the bobbed deficiency chromosome carries an inverted 
segment extending from between rh and rg to between cr and the spindle 
attachment. 

Sivertzev-Dobzhansky and Dobzhansky published data on crossing 
over in females heterozygous for Df (bb). Our data are substantially the 
same (table 9). The y-ec interval lies outside the inversion and shows (in XX 
females), 0.8 percent of recovered single crossovers. This is a marked re¬ 
duction as compared with the standard crossover value for this interval. 
The region from ec to ct is partly outside and partly within the inversion. 
To get the frequency of recovered double crossovers within the inversion, 
apparent singles in this region (four in number) are assumed to be actually 
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doubles since the greater part of the region must lie inside the inversion. 
Recovered doubles within the inversion, assuming apparent singles to be 
doubles with the second single in the unmarked /-spindle attachment 
region, constitute 3.9 percent of the regular males. The relation between 
double crossovers and patroclinous males will be considered in connection 
with the mechanism of disjunction in inversions. 


Table 9 

Data from the cros^ At Df{hb)/ec ct^ fXw B. The XX and XXY females were sisters 



XX FEMALES 



XXY FEMALES 

B 9 9 


1244 



1622 

+ 99 


0 



25s 

wB cTcT 


21 



2Q2 

Regular males 






0 

443 


601 

(>95 

774 

I 

5 


4 

4 

10 

2-(6) 

T 


3 

5 

2 

3-(<>) 

12 


10 

13 

17 


I 


2 

4 

I 

5 --( 6 ) 

I 


0 

2 

0 

2-3 

0 


0 

I 

0 

2-4 

0 


0 

0 

I 

2-5 

0 


I 

2 

I 

3-4 

1 


6 

3 

0 

3-5 

3 


I 

5 

3 

4"5 

1 


0 

0 

0 

i- 3 "( 6 ) 

0 


0 

0 


Total regular males 



ioq6 


1544 


Females heterozygous for Df (bb) and carrying a Y chromosome gave 
about the same frequency of double crossovers within the inversion as did 
their XX sisters, 3.7 (corrected for non-disjunction) as compared with 3.9 
percent. There is no indication here of an increase in crossing over in the 
presence of a Y chromosome such as that shown by the sc-4 and y-4 in¬ 
versions. 

Crossover data from XXY females homozygous for Df (bb) are given in 
table 10. (XX homozygotes do not survive, as shown by Sivertzev- 
Dobzhansky and Dobzhansky.) The y-/ interval gives a crossover value 
of 37.1 percent which is higher than is given by this segment in its normal 
position in the chromosome (8 plus 10 units). The remaining intervals 
show less than normal crossing over with the decrease becoming more 
marked toward the spindle attachment. Presumably we are here dealing 
with the so-called spindle attachment effect, that is, segments moved 
away from the spindle attachment show increased crossing over; distal 
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segments moved near the spindle fiber show a decrease in crossing over 
(Offerman and Muller 1932; Beadle 1932). 


Table io 

Data from the cross y^fv Df(bb)/sc cfi Df(bb)/YXw B, 




B 9 9 

2269 





+ 99 

69 





wB 

84 



Regular males 






0 

478 

434 

1-4 

IS 

17 

I 

304 

312 

2-3 

0 

2 

2 

72 

107 

2-4 

3 

5 

3 

46 

52 

3-4 

I 

I 

4 

33 

37 

1-2-4 

I 

I 

1-2 

23 

19 

1-2-3 

I 

0 


25 

27 

Total regular males 


2016 



Region 

Percentage of 






crossovers 





I 

37.1 





2 

II .6 





3 

7 7 





4 

5-7 




COMBINATIONS OF DIFFERENT INVERSIONS 

In females carrying overlapping inversions, single crossovers within the 
region common to the two inverted segments should give chromatids with 
single spindle attachments, in contrast to the chromatids with two or with 
no spindle attachments resulting from single crossing over within the in¬ 
verted segment in a female heterozygous for a single inversion. If two over¬ 
lapping inversions are not too different in length such single crossovers 
should be viable in the heterozygote. Actually we know this to be the case 
in several combinations of X chromosome inversions. Gershenson (1932) 
has reported a bobbed deficiency chromosome resulting from single cross¬ 
ing over between In sc-4 and In sc-8. 

Crossovers between different inversions will of course give different 
results depending on the relative positions of the inversion points. Thus, 
representing the normal sequence of segments of a chromosome such as 


A 


BC 


D E F, inversions differing only at one end. 


ABDCEF 

ABEDCF 


will 


give crossovers A B D C F, a single deficiency and A B E D C E F, a 
single net duplication (fig. 2). If both ends differ in position, there are two 

ABDCEF 

more possibdities. Thus - ■ - gives A B D C B F, & duplication 

A JcL D C B F 
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for B and a deficiency for £, and the complementary duplication-deficiency 

A E D E F (fig. 3). The third possibility - ^ ^ ^ -gives the 

ADCBEF ^ 

double duplication A B B D C B E F and the double deficiency A D C F 
(fig. 4). We shall consider examples of all of these possibilities. 

Tablk II 

Chromosomes resulting from migle crossing over within common inverted regions. 


8 OURCK OK 9 d' 

-DUPLICATION DEKICIKNCY HETKKOZTGOUB KOR NORMAL 


LSKTKND 

RIGHT KND 

KOR 

FOR 

CHROMO 8 OMK 


sc>4 

SC -7 

cter 

none 

Inviable 

Inviable 

SC -4 

sc-8 

sr 

bb 

Xormal; fertile 

Xormal; fertile; inviable 
without V 

SC -4 

Clb 

fii-(r 

.sh ec 

Inviable 

Inviable 

sc-4 

dl-49 

g-ir 

sh-rb 

Inviable 

Inviable 

sc-4 

y-4 

v-AY, rr 

none 

Xormal 

Xormal 

sc-7 

sc-4 

none 

(l-cr 

Inviable 

Inviable 

sc-7 

sc-8 

\c 

cl-hb 

Inviable 

Inviable 

sc-8 

sc 4 

hh 

sc 

Fertile; lepfs often ab¬ 
normal 

Xearly completely lethal, 
sterile; extreme sc 

sc 8 

sc 7 

ci-hb 

sc 

Inviable 

Inviable 

sc-8 

Clb 

JuM 

Af-et 

Inviable 

Inviable 

sc-8 

dl-40 

g-bb 

sc rb 

Inviable 

Inviable 

sc-8 

y-4 

y-iU\ 

(r-bh 

none 

IIw effect of SC'8, fertile 

IIw effect of sc-8 

Clb 

sc 4 

slv €( 

fu-cr 

Inviable 

Inviable 

Clb 

sc-8 

sc-ec 

fu-bb 

Inviable 

Inviable 

Clb 

dl-4Q 


bi-rb 

Inviable 

Inviable 

Clb 

y-4 

y~ec 

fii 

Fertile; abnormal eyes, 
wings, hairs 

Inviable 

Clb 

Df(bb) 

none 

bi-rb, 

fu-bb 

Poorly viable; sterile; 
minute bristles 

Inviable 

cll-4g 

sc-4 

slv-rh 

g-cr 

Inviable 

Inviable 

dl-49 

sc-8 

sc-rh 

g-bb 

Inviable 

Inviable 

dl-49 

Clb 

hi-rb 

g-sy 

Inviable 

Inviable 

dl-49 

y-4 

y-rh 

|-/m 

Inviable 

Inviable 

y-4 

sc-4 

none 

y-AC, cr 

Poorly viable; fertile; 
minute bristles 

Inviable 

y 4 

sc-8 

none 

y-ac 

cr-bb 

Poorly viable; fertile; 
minute bristles 

Inviable 

y-4 

Clb 

/« 

y~ec 

Inviable 

Inviable 

y'4 

dl -49 

«-/« 

y-rb 

Inviable 

TnviaVffe 

y‘4 

D{(bb) 

none 

y-rb cr 

Inviable 

Inviable 

I)f(bb). 

Clb 

hi-rh, 

fu-cr 

none 

Fertile; wings slightly 
narrowed 

Sterile; wings notched at 
tip 

Df(bb) 

y-4 

y-rh, cr 

none 

Fertile; wings narrow, 
bristles abnormal 

Inviable 
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The recoverable single crossovers with either one or two deficient seg¬ 
ments are useful in determining genetically the position of the inversion 
points. Thus if such a crossover shows a deficiency for gene B but not for 
genes A and C, we can say that one inversion end is located between genes 
A and B, the other between B and C. The precision of this method is 
limited only by the extent and accuracy of the genetic map and by the 
fact that only recessive mutant effects are available for deficiency tests. 

From many combinations of two inversions we have collected data on 
non-disjunction (table 14) which are discussed below. 

Table 11 gives a summary of the available information concerning the 
properties of the chromosomes derived from single crossing over in the 
region common to two inversions. Where we have recorded a given cross¬ 
over chromosome as being inviable, this is to be understood as meaning 
“under ordinary conditions.” It is quite likely that some of the types in 
question could be brought to maturity by special culture techniques, 
which we have not used in any case. 


y 


m cl 


/ cr bb SA 


Figure 2.—Inv sc-4 (above)/Inv sc-7 (below). Diagram showing conjugation of the common 
inverted regions. The arrows point in the direction in which the loci are arranged in “normal” 
chromosomes, reading from the dbtal end to the spindle attachment. 


Inversion sc-4/Inversion sc-y 

In this case both left inversion points lie very close to sc, and to the right 
of it; they must be nearly or exactly at the same level. The right point 
is much further from this level in sc 4. Singles within the common inverted 
region would be either duplications or deficiencies for the long section 
from near cv to cr (fig. 2), and it is accordingly in agreement with expecta¬ 
tion that they were not recovered in crosses to normal males. The only 
other type of crossover that might be expected to appear is the double 
within this cv-cr section, and a few of these were obtained. 

From y CP f/sc’’w^ 9 (Xvarious cf cf) were obtained 459 regular 
9 9 (no crossovers were observed in those 2 of the 4 cultures where they 
could have been identified, but detailed counts were not recorded), 228 
sc 176 y sc cvfd'd', 8 sc w“fd'd', i y sc cvc? cf. 

By mating SC-4/SC-7 heterozygotes to translocation 1,2-7 (break be¬ 
tween rb and cv in X and attached to the right of sp in 11 ) or translocation 
I) 3“3 (break between rb and cv in X, attached to the right of ca in III) we 
were able to save the crossovers in the common inverted segment which 
'«e deficient for the long segment from the right end of the sc-7 inversion 
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(near cv) to the spindle attachment (fig. 2). From the cross y sc* vf crj 
sc’ 5W » by T 1, 2-7, 455 normal 9 9 ,2 + o' o', 181 y i>/ cr cf o', 
184 w“/£f »d'o' were obtained. In addition there were 16 males 
carrying the deficiency crossover plus the proximal X segment from the 
translocation. Of these 13 were sc, i was sc fa and 2 were sc fa. All 
were strong scutes, otherwise normal. Of these 11 were tested; none was 
fertile (they are of course expected to be XO). The 16 males constitute 
4.05 percent of the regular males, which would indicate, since the contrary 
class is lost, a frequency of 8.1 percent crossing over in the common in¬ 
verted segment. It is assumed that the translocation males produce four 
types of gametes in equal numbers. 

Females of the same constitution as above mated to T i, 3-3 males 
gave essentially similar results. There were 407 regular non-crossover 
males and 6 crossovers of the type considered above. Here the frequency 
of single crossovers, corrected for the class not recovered, is 2.9 percent. 
Three of these males were tested and, as expected, were sterile. 



Figure 3. —Inv^sc-4 (above)/Inv sc-8 (below). Conjugation of the common inverted regions. 


In both of the above cases the percentages of recovered crossovers indi¬ 
cate minimum values of crossing over in the common inverted segment. 
Since the recovered crossover individuals carry a net duplication (differ¬ 
ence between sc-7 right break and translocation break) they are probably 
lower in viability than non-crossover males. Likewise if the translocations 
give more regular than non-disjunctional gametes the observed frequency 
of crossing over will be lower than the real value. 

Inversion sc-^jInversion sc-8 

The sc-8 inversion is slightly longer than the sc-4 one at both ends, the 
resulting single crossovers carrying either a deficiency for sc and a duplica¬ 
tion for lib or a duplication for sc and a deficiency for bb. The conclusions 
as to their limits depend in part on the results obtained from the heterozy¬ 
gote here under discussion, so the argument may now be presented. 

Gershenson (1932) has already described the crossover that receives 
the left end of sc-4 find the right end of sc-8 (fig. 3), showing that it acts 
as though it carried a lethal allelomorph of bb, both the lethal and the 
bobbed effects being suppressed by a Y. This shows that the bb locus is 
absent, that is, that it is present in the inverted portion of sc-8 and in the 
uninverted portion of sc-4, both of which are absent in this crossover. 
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Gershenson has also studied the deficient chromosome cytologically in 
the oogonia of heterozygous females; he finds it to be reduced in length 
by about one quarter. This can only mean that a large section (not far 
from half) of the inert region is included in In sc-8 and not in In sc-4. 
The latter presumably includes little or no inert region. Finally, Ger¬ 
shenson showed that this chromosome did not carry a deficiency for cr. 
It follows that In sc-4 has its right break between cr and while In sc-8 
has it to the right of hh^ conclusions which our own data confirm. 

The other crossover, that must carry two hh loci, is usually lethal in 
the male. We have found that it does not carry a deficiency for ac, shy or 
hr. These three loci must thence be alike in the two inversions, that is, 
either in both or outside of both, since the crossover studied by Gershen¬ 
son also carries no deficiency for them. When tested against scute allelo¬ 
morphs this chromosome behaves as an extreme scute, but so does sc-4 
itself, so this is not a critical result. However, we have been able to obtain 
a few males carrying this chromosome. Occasionally they emerge but only 
live a few hours. Examination of their bristles shows that they have many 
fewer than sc-4 niales; the only named ones observed were the inner verti¬ 
cals, posterior supra-alars, and the dorsocentrals, that is, the “achaete” as 
opposed to the “scute’^ bristles, and even these were frequently absent. 
Dr. J. Schultz informs us that a study of the salivary gland chromo¬ 
somes also indicates that the sc-8 break is to the left of the sc band, the 
sc-4 one to the right of it. It must be concluded that these males represent 
the occasional survival of specimens in which the scute locus is wholly 
absent. 

Females heterozygous for this chromosome often have some of their 
legs abnormal. The abnormality, which is most frequent in the posterior 
pair, may consist in bifurcation, shortening and twisting, or basal fusion 
of the two members of one pair. 

The above results show that In sc-4 runs from a point between sc and 
sh to a point between cr and hh\ In sc-8 from a point between ac and sc 
to a point between bb and the spindle attachment. 

Table 12 
J V cvw^ (sc-8) 

-X various cTd' 


9 y • 


Except, 

456 

h 2 

1 3 

Regular cTcT 

0 

L 3 

7 3 

0 

5J 76 

1,4 

I I 

I 

0 28 

2,4 

2 3 

2 

I 37 

3,4 

3 I 

3 

0 30 

I, 2,4 

0 I 

4 

P IQ 

Tgtal (f(f 

269 
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Table 12 shows the crossing over from sc-4/sc-8. Since one type of 
single crossover is practically lethal, the simplest way of calculating cross¬ 
ing over seems to be to use in each case only the larger of the two contrary 
classes. If this is done the values become: total 201; y-/, 19.9 ;/-t;, 17.9; 
v-cv^ 2i.^\ 9.0. These values are, as expected, not different from those 

for sc-8/sc-8 or sc-8/Df sc-8. Classification for sc^ was not attempted. The 
y males were typical sc^; the y were nearly wild-type for bristles, carry¬ 
ing both sc^ and 

Both of the crossovers recovered from sc-4/sc-8 have been tested for 
crossing over and disjunction, and have given the expected results. 
The one with the left end of In sc-8 (the sc deficiency) when tested 
against a normal chromosome gave the following results: Df (sc)//y 9 X 

various males: 453 regular 9 9 , no exceptions; 337 y d'yT sc (extreme) 
fd' ly y fdd, I extreme 5rcf*, i yef’, 47 exceptionalcf’cf. (In some 
cases sc^^y or slv were used instead of y.) Calculating the frequency of 
exceptional males by doubling the y class (since the deficiency is nearly 
lethal), there were 47/767 or 6.1 percent exceptions. In other words this 
chromosome gives results both as to crossing over and as to disjunction 
comparable to those shown by the inversions from which it was derived. 
This result is confirmed by a small series in which the crossover was tested 
against In sc-8. Here there was about 32 percent crossing over between 
sc and/, and only 0.7 percent exceptional males were produced. 

The other crossover (sc duplication, bb deficiency) behaves similarly. 
Females of the constitution y cv Df(bb)// gave 347 regular sons (of which 

10 were crossovers, 3 clearly doubles and the others presumably so) and 

11 exceptional sons. The totals for all experiments of this type show 12/391 

= 3.1 percent exceptions. This same chromosome was also tested against 
In sc-4. There resulted 826 regular 9 9, no exceptional 9 , 657 regular 
d dy 4 exceptional d d . Among the regular males crossing over could 
be checked, and the following values were obtained: sc-w^j 0.5; 7 . 0 ; 

co-Vy 18.3 ;z>-/, 21.3. Here again the crossover, as expected, behaves much 
like the inversions from which it was derived. 

Inversion sc-4/Inversion 

The CIB inversion lies wholly within that of sc-4. CIB/ + gives very few 
crossovers, so that doubles would be expected to be rare here, and none 
was found. Of the singles within the common inverted region, one type 
should be a deficiency for slv-ec and a duplication for fu; the other should 
be a duplication for slv-ec, and a deficiency for/w. Neither was obtained; 
evidently both are inviable in males and also in heterozygous females. 

From CIB (sc v B)/y sc^ cvf 9 X cvvf d were obtained 254 v B 
9 9 , 238 y cvf9 9 f 2 sc B (exceptional) 9 9, 182 y 5^: cvfd d, 1 y^ cvv 
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/ (exceptional) cf. An XXY 9 of the same constitution gave 27 » 5 9 9 , 
S3 y cvf 9 9 ,61 sc B 9 9 ,2^ y sc cv fd'd' and $2 ^ cvvfdd- 

Inversion sc- 4 JInversion dl -49 

Scute-4 inversion includes the segment from just to the right of sc to 
between cr and bb, the greater portion of the chromosome (fig. i). Delta-49 
extends from between rb and cv to between fw and / and is consequently 
entirely included within the sc-4 inversion. From the cross y sc-4/dl-49 y- 
IIw crn^ f X t V nt g^, 1,752 males were recorded, all non-crossovers. 
This result might have been expected from our knowledge of the behavior 
of females heterozygous for each of these inversions separately. Doubles 
within the sc-4 inversion and outside In dl-49 either do not occur or are 
very rare. Since heterozygous dl-49 gives single crossovers within the in¬ 
version (p. 587), it is probable that in the sc-4—dl-49 combination some 
singles occur in the inverted segment common to the two inversions. Such 
crossovers result in either a slv-rb duplication and f-cr deficiency or the 
complementary deficiency-duplication. Both of these products would be 
expected to be inviable. 

XX females heterozygous for In sc-4 and In dl-49 give few or no ex¬ 
ceptional daughters and a frequency of exceptional sons not significantly 
higher than normal. 

Inversion SC-4IInversion y-4 

Inversion sc-4 runs from a point between sc and slv to a point between 
cr and bb; In y-4 from a point near y (to the left of ac) to a point between 
fu and cr. One of the single crossovers is deficient for y (?) ac-sc and cr; 
the other is a duplication for both these sections. The former is lethal in 
males but survives occasionally in heterozygous females as a minute- 
bristled type. The latter (duplication) crossover is viable in offspring of 
both sexes. 

Owing to the presence of y in both inverted chromosomes and of an ex¬ 
treme sc allelomorph in sc-4, the tests for deficiencies for these two loci 
are inconclusive. Fully satisfactory tests have shown, however, that the 
minute crossover is deficient for the loci ac and cr, not for rst, pn, sy, nor for 
od. The other (duplication) crossover showed no deficiency effects for any 
of these loci. That is, the inversions differ with respect to ac and cr; In 
sc-4 was shown above to include cr but not ac. Hence y-4 includes ac but 
not cr. Both include rst and pn, as follows from this analysis and from the 
direct test. In sc-4 includes sy and od; therefore In y-4 has its right 
break between these two and cr; other data show that it is also to the 
right of/« which is 0.3 units to the right of od and sy. 
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The crossing over in In sc-4/In y-4 is similar to that in In sc-4/In 
sc-8. Here again one single crossover class of males dies, and the data 
have been treated by using the larger member of each pair of contrary 
classes. The results are then: total 433; sc-f, 20.3; f-v, 7.9; v-cv, 11.3; 
CV-W“., 10.2; W‘‘-SC, 1 . 2 . 

The sc value appears here and not in the corresponding series for 
In sc-4/In sc-8‘because In y-4 carries a sc gene that is clearly dominant 
to sc*, whereas the allelomorph present in In sc-8 gives with a vari¬ 
able type not always clearly separable from 

Data from XXY In sc-4/In y-4 show the same type of crossing over 
and roughly the same amount; the experiments however include too few 
flies to be valuable for detailed comparisons. 

Inversion sc-jjInversion sc-8 

This combination of inversions is essentially the same as SC-4/SC-7 al¬ 
ready discussed. Females heterozygous for the two inversions give prog¬ 
eny carrying chromosomes derived by crossing over within the common 
inverted segment. As in the case of the SC-4/SC-7 both of these crossovers 
are inviable. Doubles within the sc-8 inversion but outside the short sc-7 
inversion are recovered. 

From the cross sc-8 t£;“/sc-8 v/Y by various males the following offspring 
were recovered: 


Regular 

9 9 

589 

Exceptional 

9 9 

70 

Exceptional 

cf cT 

103 

Regular 

6 'd' 


0 


247 246 

2 -( 3 ) 


II 10 


In addition there was one exceptional male expected to be cvv B which 
did not show y but which did show a hairy wing effect. This male was 
sterile. Evidently he carried a duplication for y. 

From crosses of sc-7/sc-8 to T i, 2-7 or T i, 3-3 males (as in the case 
of SC-4/SC-7) males were recovered which carried the crossover deficient 
for the long segment from the right break in sc-7 to hh. These were enabled 
to survive by the proximal X segment from the translocation males. Such 
males differ from those obtained from SC-4/SC-7 (fig. 2) in not carrying a bb 
duplication and in carrying a duplication for the sc locus. From the cross 
SC'8 w" cv V //sc-7 ^ translocation males the following flies 

were recorded: 



574 


A. H. STURTEVANT AND G. W. BEADLE 


Regular females 


844 

867 

matroclinous 

9 9 

I 

0 

V minute 

9 9 

0 

I 

Patroclinous 

rf-cf 

4 

s 

Regular 

d'ef 

796 

728 

sc 

d’ef 

17 

19 

sc w°' fa 

d'e? 

0 

I 


The V minute female recorded above carried the long crossover chromo¬ 
some, tandem attached-X chromosomes deficient for the common inverted 
segment of the parent inversions. This deficiency was partly covered 
by the distal X segment from the translocation. 

The sc and sc fa males carry the short crossover chromosome. 
The actual frequency was 2.1 and 2.7 percent of regular males. These 
males carry both the sc'^ and sc^ genes and were intermediate between 
sc'^ and sc^ males for the scute character. Their wings were spread. All of 
them that were tested (seven) were sterile as expected and were presum¬ 
ably XO. 

Assuming that the translocation males produce four types of gametes in 
equal numbers, and that the above mentioned males have normal viability 
the true percentages of crossovers in the common inverted segment would 
be obtained by doubling the crossover male classes (the contrary crossover 
is not recovered) which would give values of 4.1 and 5.2 percent. Since 
these males are almost certainly of lower viability than the regular males, 
these percentages represent minimum values. The real value is probably 
considerably higher. 

Inversion sc-y jInversion CIB 

These two inversions overlap in the rather short region from bi to near 
cv. Singles would be expected to be rare within this region and would be 
inviable. None was recovered. From the behavior of each when heterozy¬ 
gous for a normal chromosome it is inferred that few crossovers of any kind 
would be recovered. In fact, sc-7 w^/QXB sc v B females gave 327 regular 
sons with one crossover which was sc^ vf' v that is, a double within that 
part of In CIB not common to In sc-7. Similar XXY females gave 270 regu¬ 
lar males with no crossovers. 

Inversion sc-jjInversion dl-4Q 

The right break in In sc-7 is near cv, the left break in dl-49 between 
rb and cv. In the absence of more accurate information we cannot say 
definitely whether or not these two inversions overlap although it seems 
more probable that there is a short overlapping segment. The data from 
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SC- 7 2 £/Vdl “49 XX females hy w B males are limited; 157 males show 
no crossovers but the region to the right of the dl-49 inversion where one 
might expect a low frequency of crossovers is not under control. From 
XXY mothers, similarly marked, 206 non-crossover males were recorded. 

Inversion sc-y/Inversion Df(bb) 

In the combination of In sc-7 and In Df(bb) there is probably a short 
overlapping segment between rb and cv. From the cross sc-7 Df (bb)- 

X sc ec ct t f si, 1651 regular males were recorded of which 19 or 1.15 
percent were apparent single crossovers between w°' and si. Presumably all 
of these were actually doubles with the second crossover in the uncontrolled 
region between si and bb. Several sc-7 ^ males and sc si females were 
tested and found not to carry Df (bb) showing that they were double cross¬ 
overs. Presumably an appreciable number of undetected double crossovers 
occurred in the rather long unmarked region between the right end of In 
sc-7 and the locus of si. 

In the above cross 22 patroclinous males were recorded. Exceptional 
females could not be distinguished from one crossover class but since there 
were only 18 females in this class and 12 in the contrary crossover class, 
the number of exceptional females could not have been large. 

Inversion sc-SjInversion CIB 

Inversion CIB is wholly within the limits of In sc-8, and few or no 
recovered crossovers of any kind are to be expected—the case being very 
similar to that of In sc-4/In CIB. In fact none was obtained among 21 
regular sons of XX females or 160 sons from XXY females. 

Inversion sc-8 1 Inversion dl-49 

This combination is essentially similar to the combination of In sc-4 
and In dl-49 already considered; the discussion given there applies in 
the present combination. From the cross sc-8 w^/d\-4g cm^ by w B, 1742 
non-crossover regular males were recorded and 6 patroclinous males. 
From 5 additional cultures not recorded in detail, 2 apparent cm males 
were obtained. These proved, on testing, to be the result of mutation of an 
eye color gene in the dl-49 chromosome rather than of crossing over. The 
locus of the mutation was not determined. From XXY females of the 
above constitution mated to w B males 576 non-crossover regular males 
and 444 patroclinous males were recorded. 

Stone and Thomas (1935) also studied this combination. They ob¬ 
tained one double crossover (outside of the dl-49 inversion, inside of the 
sc-8 one) in experiments carried out at 30®C. 
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Inversion sc-8I Inversion y-4 

Inversion y-4 extends to the left further than In sc-8 by the locus of 
ac (and y?); In sc-8 extends further to the right by the cr- bb section. 
No crossovers are to be expected outside the inversions; of the singles 
within the common inverted region, one is a duplication for ac (and y?) 
and for cr-bb; the other is a deficiency for both these sections. The latter 
is lethal in males, the former survives; in heterozygous females the former 
(duplication) is fully viable, the latter gives a minute-bristled individual 
that has reduced viability. 

Tests against recessives show that the “minute” crossover is deficient 
for ac and cr, not for slv; the other one (duplication) is deficient for none 
of these loci. Therefore the inversions differ in that one includes cr, the 
other does not; likewise they differ for ac; both or neither include slv. 
These results are in agreement with the conclusions from SC-4/SC-8 and 
sc-4/y-4, which show that slv is included in both, cr in sc-8 but not in 
y-4, ac in y-4 but not in sc-8. 

The crossing over tests for this combination show results similar to 
those from sc-4/y-4 but they are too scanty to permit detailed compari¬ 
sons. 

The duplication crossover, tested against a normal chromosome gave no 
exceptions among 314 daughters, 18 among 332 sons (5.4 percent). These 
values, as expected, are comparable to those from the In sc-4—In sc-8 
crossovers. 

Inversion CIB jInversion dl-^g 

The delta-49 inversion is entirely included within the CIB inversion. 
From the cross CIB scv slBjdHi-^g crr^ bb^Xsc cv v f cr, 629 regular non¬ 
crossover males (cm^) and 2 patroclinous males were obtained. Among 
1266 females, 3 (0.24 per cent) were crossovers between sc and the left 
break of CIB; one was of the constitution sc B presumably a primary ex¬ 
ception equational for the scute gene. XXY females of this combination 
were not studied. 

Single crossovers in the inverted segment common to CIB and di-49 
presumably occur but are evidently inviable. 

Inversion CIB/Inversion y-4 

The right inversion points here are very similar, differing only in that 
In y-4 includes /«, In CIB does not. At the left In y-4 is considerably 
longer. Crossing over might occur between the inversions and the spindle 
attachment, but tests have not been made. Of the singles within the com¬ 
mon inverted region, one gives a long deficiency for (y?) ac to ec, and a 
short duplication tot fu, the other has the corresponding duplication and 
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deficiency. Both crossovers are lethal in males. The one with the long 
{ac-ec) deficiency is also lethal in heterozygous females; the other is viable. 
This latter crossover usually carries the B gene of CIB, and in that case 
the resulting J 5 /+ females have very narrow bar eyes similar to those of 
B/B: They also have irregularly arranged acrostical hairs, and their wings 
are slightly reduced in size and are less convex than is normal on the pos¬ 
terior margin. Tests of this crossover chromosome show that it carries a 
deficiency for/«, not for y, ac, br, w, ec,f, vb, sy, od, cr. The negative results 
could all have been predicted from conclusions already established in this 
paper; the positive case constitutes our proof that /« is in the inverted 
section of y-4, not in that of CIB. 

From y -4 w ^/CIB B only one of the 280 regular sons was a crossover. 
This one, y* v, was a double within the common inverted region. The 
females from these same mothers (excluding the mating to fud' because 
of the low viability of Ju/Di) gave 218 broad bar non-crossover 9 9 ,237 



Figcre 4. —InDf (bb) (above)/In CIB (below) Conjugation of the common inverted regions. 


not-bar non-crossover 9 9 and 72 narrow bar crossover 9 9 . From the 
mating tofu d one of the 6 fu/Di daughters was not-bar, and must have 
resulted from crossing over between B and the inversion point of CIB, a 
distance of less than two units on the standard map. 

Inversion CIB/Inversion Df (bb) 

The left break of CIB is between bi and ec, the right between sy and /«. 
The left break of Df (bb) is between rb and rg, the right between cr and bb. 
That these statements are correct will be shown below from studies of 
single crossovers between CIB and Df (bb). Both breaks of Df (bb) are to the 
right of those of CIB. Consequently one single crossover should give 
duplications for the bi-rb and fu-cr segments (fig. 4). The contrary cross¬ 
over should give a deficiency for these two segments plus the deficiency 
for bobbed from the Df (bb) chromosome (fig. 4). Both of these crossovers 
are viable and can be recovered in heterozygous females. The duplication 
chromosome is viable in the male. Such males are small with wings having 
a less convex outer margin than normal and usually with one or more 
notches at the tips; they are sterile. Dissections by Professor Dobzhansky 
show that the testes are collapsed like those of very old males. Females 
heterozygous for the double deficiency survive as extreme minutes with 
wings of a characteristic shape. They have normal ovaries as shown by 
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dissections made by Professor Dobzhansky but according to many tests 
are sterile. Males carrying this deficiency chromosome are inviable. 

Tests of the deficiency-carrying crossover which gets the right end from 
Df (bb) and the left end from CIB give positive evidence that the rh and cr 
loci are absent. From crosses of CIB/Df (bb) to hi and/« males no deficiency 
heterozygotes were obtained. We conclude that both of these loci are in¬ 
cluded in the deficiency crossover. The results from ClB/y-4 establish 
this for fu. The number of flies examined was in each case adequate to 
have given many deficiency crossover females were they not inviable. 
Similar tests have shown that the ec, rg, /, hb, and sy loci are not included 
in these deficiencies. These results confirm the conclusion already drawn 
that the right break of CIB is between sy and fu. The left break must lie 
between ec and hi. These conclusions confirm and extend those of Painter 
(1934) derived from studies of salivary chromosomes. In a similar way it 
is clear that the left break of Df (bb) lies between rb and rg and that 
the right one lies to the right of carnation. 

Frequency and distribution of single crossovers 

Among 2010 regular females from ClB/Df (bb) mothers, 48 or 2.4 per 
cent carried the deficiency crossover. The contrary crossover could not be 
classified accurately in the females; if they were of equal frequency, the 
recovered single crossovers would be 4.8 percent of the total. Among 749 
regular males, 26 or 3.5 percent carried the double duplication crossover. 
The contrary class dies but half the non crossovers likewise die because of 
the CIB lethal so that this value represents a direct measure of the fre¬ 
quency of singles. It is quite certain that both of the above values are 
much too low; the crossover-carrying individuals in both cases are of very 
poor viability and no precautions were taken to prevent overcrowding in 
the cultures. 

It is of interest to determine how the single crossovers in the common 
inverted segment are distributed. In all experiments v was carried by the 
CIB chromosome. We can then separate crossovers in males into those 
which occurred between rg and v and those which occurred between v and 
sy. When this is done, the following results are obtained: 

Crossover Standard Number 

interval map lengths of crossovers 

rg iov 22-f- III 

V to sy 27.2 141 

The ratios of standard map lengths of these intervals is i: 1.24 —; that of 
singles within these regions i: 1.26. We can conclude that the distribution 
of single crossovers within the common inverted segment is approximately 
nonnal. 
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Crossing over in heterozygotes for the duplication crossover 

Crossing over in females heterozygous for the Df (bb)-ClB crossover 
has been studied in two experiments. Only one of these is reported here. The 
other, although involving larger numbers of individuals, is not as well con¬ 
trolled for crossing over in different regions. The data from females carry¬ 
ing the duplication chromosome and a bobbed deficiency chromosome are 
given in table 13. 


Table 13 


Data from tht cross y*/ v 

dup/^r 

ct* Df (bb) 9 9 by w B cf’cT. The females of this experiment 

were sisters of those used in the experiment summarized in 

Table lo^ homozygous 


Df {bh) of the same constitution. 





B 9 9 

1471 





+ 99 

0 





wB d'd' 

5 



*Regular cfcf’ 






0 

Qi 

411 

1-5 

0 

6 

I 

99 

14 

2-3 

0 

2 

2 

60 

14 

2-4 

0 

3 

3 

55 

7 

3-4 

0 

I 

4 

31 

6 

3-5 

0 

1 

5 

7 

0 

1 - 3-4 

I 

0 

I~2 

0 

8 

1-2-4 

I 

0 

1 3 

3 

M 




*'4 

0 

8 

Total 


844 


* In each case the smaller of the two contrary classes represents the males carr>ing the 
duplication. 


In comparison with the Df (bb) chromosome, the double duplication 
crossover chromosome carries one net duplication, namely a segment in¬ 
cluding rb-bi-f-cr from the CIB chromosome. This segment together with 
the bb segment is simply added to the Df (bb) chromosome which of course 
carries the bi-rb-cv-f segment (no difference in arrangement) at the left end. 
The data of table 13 show the following crossover values as measured in 
the classes not carrying the duplication: 

y-f 19-4 

f-g 10.6 

g-v 10.5 

v-d 6.4 

d-dup 2.I 

For these same regions in homozygous Df (bb) sister females with a Y chro¬ 
mosome the values for the first four regions above (Table 13) are 37.1, 
11.6,7.7,5.7 respectively. The fifth region cannot be measured in Df(bb) 
/Df (bb); its standard map length is 10 units. 
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It is clear from the above that the duplication crossover chromosome 
crosses over freely with Df(bb), one of the inversions from which it was de¬ 
rived. As compared with Df(bb)/Df(bb)/Y, crossing over is reduced in the 
y-f interval but is the same in the other intervals which can be compared. 
The reduction in the y-f interval is presumably the result of the duplication 
which is of course homologous with a segment included in the y-f interval. 

Inversion dl-4g/Inversion y-4 

From the cross y-4 w^/ dl-49 y Hw wi* g® 9 9 by /g c? cf , 1506 regular 
sons showed no crossovers. There were two patroclinous males. There were 
1,651 regular females, all non-crossovers, and five exceptional females, four 
from I of the nine cultures. 

From a cross of XXY females of the above constitution with w or w B 
males, 428 regular non-crossover, 487 patroclinous males, 446 regular fe¬ 
males and 506 exceptional females were recorded. 

It is clear that recoverable crossovers are practically absent in females 
of this combination, unless they occur between the right break of y-4 in¬ 
version and the spindle attachment. Data from attached-X females hetero¬ 
zygous for y-4 (p. 564) indicate that singles in this interval are very rare. 

Single crossovers in the segment common to the two inversions, pre¬ 
sumably occur and are lethal both in heterozygous females and in males. 

Inversion y-4/Inversion Df (bb) 

The location of the breaks in both y-4 and Df(bb) have already been dis¬ 
cussed; both breaks in Df (bb) are to the right of those of y-4. Consequently 
single crossovers in the common inverted segment of these two inversions 
will give either a double duplication or a double deficiency. The latter is 
inviable both in males and in heterozygous females; the former is viable 
in females heterozygous for a normal chromosome. Such a female usually 
has stubby outer verticals, disarranged scutellars, and outer wing margins 
less convex than normal. If such a duplication female is heterozygous for B, 
the eyes are usually as narrow as those of a female homozygous for B. 
These crossover females are fertile but produce very few offspring. Their 
viability is good considering the number of loci carried in the two duplica¬ 
tions. 

From the cross y-4 w* cv v s^/sc sP Df(bb) by sc B males there were re¬ 
corded one exceptional female (- 1 -), 330 regular 9 9 (B and sc B), 4 sc B 
cf o', 123 sc si d d', 8$ y w" cv V s dd and 38 duplication 9 9 . The fre¬ 
quency of crossover females in percent of regular females is 10.7. From 
sister females of those used in the cross above, but XXY in constitution, 
mated to sc B males, the following offspring were obtained; 264 -j- 9 9,390 
B 9 9 ,236 sc B 9 9 ,272 sc B d d, 159 sc si d d, 198 yw^svvs dd, 
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and 144 duplication cfcT. Here duplication females constitute 18.7 per¬ 
cent of the regular females. Since only one crossover is recovered here the 
true percentage of singles from these data will be 18.7 for XX and 19.8 
(corrected) for XXY. The frequencies are not significantly different. 

Since females heterozygous for the duplication crossover produce very 
few offspring,‘few studies of them were made. It is known that crossing 
over between the duplication chromosome and a normal chromosome is 
very low and that a few patroclinous males are produced. These results 
are expected since the crossover chromosome is in effect an inversion plus 
an intercalated duplication. 


NON-UISJUNCTION 

Table 14 is a summary of the available data on the production of matro- 
clinous females and patroclinous males. 

In many of these experiments the exceptional females could not be 
distinguished and only the males are recorded, in others the male ex¬ 
ceptions were known to have very low viability and only the females are 
recorded. It follows that the numbers of individuals in the two sexes from 
a given combination are often not comparable. CIB andDf(sc-8) are lethal 
in the males; accordingly in all series involving these the observed number 
of regular males has been doubled in calculating the recorded total, a point 
to be remembered in judging the significance of the values given. In many 
of the combinations of two inversions, single crossovers between the two 
inversions occur; some of these are lethal and others have reduced viabil¬ 
ity. No corrections have been made for this; therefore in several of these 
cases if is certain that the totals are too low and the percentages of ex¬ 
ceptions too high. 

In the case of CIB/ -f we have added our own data to those recorded 
by Gershenson (1935) though in the XXY experiments we obtained 
somewhat higher values than he records. We have excluded the males from 
his XX experiment in which the father was bb^, since the exceptions (hav¬ 
ing no Y) would be inviable. We have also excluded one unexplained XX 
culture of our own that gave 9 exceptional females to 223 regulars and 11 
exceptional males to 133 regulars. We have observed in some other com¬ 
binations a suspiciously high frequency of cultures that gave more than 
one exception when others of the same constitution gave none. In no case 
were the resulting frequencies high enough to be interpreted as due to the 
presence of an unsuspected Y. The frequencies are about those that result 
from the presence of a short duplication carrying the X spindle attach¬ 
ment, but we have not studied the descendants of such females with this 
possibility in mind. 
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The results of Stone and Thomas (1935) for sc-8/ + and dl-49/ + have 
not been included in the table. 


Table 14 

Summary of non-disjunction data. 





XX UOTRIIUI 





XXY MOTHBltB 

_I_ 




riMALBS 



IfAUiB 



riHALBB 


MALIB 


TOTAL 

IXC. 

%EXC. 

TOTAL 

KXC. 

% »xc. 

TOTAL 

BXC. 

%BXC 

TOTAL 

■XC. 

%1XC. 

SC-4/-I- 

6287 

I 

0.02 

5861 

337 

5-75 

933 

40 

4-3 

817 

109 

13-4 

SC-4/SC-4 

9 S 3 

0 

0.00 

600 

0 

0.00 







SC-7/-I- 

5386 

5 

0.09 

4919 

14 

oc 

d 

1518 

195 

12.9 

1697 

256 

151 

SC-7/SC-7 

1610 

0 

0.00 

1370 

I 

0.07 







sc-8/ 4 - 

4703 

I 

0.02 

SI38 

164 

3-20 

1310 

130 

9-9 

1847 

255 

13*8 

SC-8/SC-8 

574 

0 

0.00 

481 

0 

0.00 

310 

4 

1.3 

252 

5 

2.0 

Df(sc»)/+ 

641 

2 

0.31 

1053 

47 

4.46 

8s 

9 

10.6 

80 

12 

150 

sc-8/Df (sc*) 

631 

0 

0.00 

504 

9 

0.00 







CIB/-1- 

5693 

14 

0.25 

3438 

16 

0.47 

7478 2729 

36.6 

7172 

2712 

00 

dl-49/4- 

3*38 

0 

0.00 

3168 

6 

0.19 

4355 

198s 

4 S -6 

4145 

1747 

42.2 

dl- 49 /dl -49 







126 

5 

4.0 

99 

12 

2.0 

y- 4 /+ 

2007 

I 

0.05 

2171 

51 

2.34 

S87 

39 

6.8 

631 

56 

8.9 

y- 4 /y -4 

206 

I 

0.49 

169 

0 

0.00 







Df (bb)/-|- 

1244 

0 

0.00 

3437 

67 

1*95 

1877 

255 

13.6 

1836 

292 

15-9 

Df(bb)/Df(bb) 






*338 

69 

2.9 

2100 

84 

4.0 

SC-4/SC-7 

459 

0 

0.00 

422 

7 

1.66 

341 

34 

10.0 

280 

43 

153 

SC-4/SC-8 

456 

0 

0.00 

264 

0 

0.00 







sc- 4 /dl -49 

2084 

0 

0.00 

1755 

3 

0.17 







sc- 4 /y -4 

1187 

3 

0.26 

954 

0 

0.00 

413 

33 

8.0 

224 

30 

13.4 

SC-7/SC-7 

439 

0 

0.00 

350 

12 

3-43 

659 

70 

10.6 

617 

103 

16.7 

sc-7/Df(sc*) 

523 

0 

0.00 

531 

7 

132 







SC-7/C1B 

754 

0 

0.00 

658 

4 

0.61 

894 

322 

35-8 

824 

284 

34.5 

sc- 7 /dl -49 

169 

2 

1.18 

157 

0 

0.00 

355 

138 

38.8 

346 

140 

40.5 

sc- 7 /y -4 

479 

0 

0.00 

297 

I 

0.34 







sc-7/Df (bb) 




1673 

22 

I- 3 I 







sc-8/dl-49 

1959 

5 

0.26 

1748 

6 

0.34 

1146 

541 

47.3 

1020 

444 

43-5 

sc-8/y-4 

316 

0 

0.00 

240 

I 

0.42 

906 

70 

7-7 

968 

134 

13-8 

ClB/dl-49 

1270 

4 

0.32 

1260 

2 

0.16 







ClB/y-4 




561 

I 

0.18 

lOI 

4 

4.0 

57 

5 

8.8 

CIB/Df (bb) 

1557 

2 

0.13 

1200 

6 

0.50 

1622 

520 

32.0 

1351 

561 

41 -5 

dl- 49 /y -4 

1656 

5 

0.32 

1508 

2 

0.13 

952 

S06 

53-2 

915 

487 

53*2 

y.4/Df(bb) 

370 

I 

0.27 

194 

4 

2.06 

1034 

264 

255 

629 

272 

43*2 


PRESENCE OF SINGLE CROSSOVERS 

Representing a normal X chromosome schematically &sB C D Ea. and 
an homologous chromosome with the CD segment inverted as B D C E & 
(a in both cases representing the spindle attachment), then single cross¬ 
overs in the CD segment will give the products (i) B C D B (duplication 
for B, deficiency for E, and having no spindle attachment) and (2) a EC 
DEa (deficiency for B, duplication for E, and hiiving two spindle attach- 
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ments). Product (1) would be expected to be lost because of its lack of a 
spindle attachment. Product (2), because of its two spindle attachments, 
should form a tie between the two poles of the first meiotic division. It is 
known from the cytological studies of McClintock (1931, 1933) on Zea, 
Mather (1934) on Vicia, Stone (1933) on Tulipa, and Smith (1935) on 
Trillium that, for these plants, single crossovers do occur between seg¬ 
ments relatively inverted and that the results are as described above. In 
order to understand the mechanism of disjunction in inversion hetero¬ 
zygotes in Drosophila it is essential to know whether such crossovers occur 
in this organism and, if so, with what frequency. The most direct method of 
answering these questions, namely, cytological examination as used in 
the cases cited above, is very dilficult in the case of oogenesis in Droso¬ 
phila melanogaster. We have resorted to less direct genetic methods. 

From the data already presented on single crossing over in combinations 
of two overlapping inversions it seems highly probable that single cross¬ 
overs occur within the inverted segment in females heterozygous for a 
single inversion. Inversion scute-8 represents an inversion of the entire X 
chromosome with the exception of the y and ac loci and the spindle attach¬ 
ment. It can be considered as representing essentially a transfer of the 
.spindle attachment from the right to the left end of the chromosome. 

As regards crossing over it should behave essentially like a normal chro¬ 
mosome. In the hetcrozygote of sc-8 and sc-4 crossing over is practically 
normal as has already been shown. We can therefore argue that in the 
heterozygote sc-4/ + > single crossovers should be of approximately normal 
frequency. Similarly in the combination SC-7/SC-8 we have shown that 
single crossing over occurs in the common inverted segment. From this 
we can conclude that single crossing over occurs in the inverted segment of 
SC-7/-I-. Here the data from the combination sc-7/sc-8 and also from 
SC-4/SC-7 suggest that the frequency is reduced below that for the sc-7 
inverted segment normally arranged. The same general kind of an argu¬ 
ment can be made for several of the other combinations considered in the 
previous section. 

In a female heterozygous for a single X chromosome inversion, crossing 
over can be more or less directly measured by using attached-X females, 
(see also Sidoroff, Sokolov, and Trofimov 1935). By selecting the ap¬ 
propriate crossover from a triploid of the constitution y-4/XX we ob¬ 
tained an attached-X female heterozygous for the y-4 inversion. In such 
a female, exchange in the inverted segment will give either (i) a closed 
chromosome carrying a duplication for cr-hb and a deficiency for the small 
segment to the left of y, or (2) a chromatid with two spindle attachments 
plus a chromatid with none (fig. s). The Y chromosome that is usually 
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present disjoins from the attached-X chromosomes at the first division. 
The results described above and shown in figure 5 take place during the 
second division. The types and relative frequencies of gametes expected 



Second division following I or 4 Second division following 2 or 3 

Figure 5. —Attached-X, heterozygous for In y-4. Above, conjugation of inverted section. 
Below, chromatids resulting from the indicated single exchanges. Chromatid with no spindle 
attachment omitted in lower left. 

following single and double exchange are summarized in table 15. Data 
from the cross -^crlyh for attached-X females mated to t v f males are 
given in table 16. 


Table 15 


EXCHANGE 


^ GAMETES 


X'' 

GAMETES 

SECOND 

DIVISIONS 

WITH 

CHROMATID 

TIE 

Y 

GAMETES 

NON- 

CnOBROVER 

RECIP- 

BOCAL 

BQUA- 

TlONAL-a 

SQGA- 

TIOMAL-b 

None 

1 






I 

Single 

I 




I 

2 

4 

Double* 2-s 

I 

1 

I 

I 



4 

3“Sa 





2 

2 

4 

3-sb 



I 

I 

2 


4 

4 -s 






4 

4 









Total Doubles 

I 

1 

2 

2 

4 

6 

16 


♦ Double exchanges are designated by the number of strands that undergo crossing over. 
Thus, in a z-strand (z-s) double exchange, the same two strands cross over at the two levels. 
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The daughters showing y and cr carry attached-X chromosomes. Those 
which show neither y nor cr carry the closed chromosome derived by single 
crossing over in the inversion. From the fact that the sex ratio approaches 
2 males to i female we infer that those cases in which a double spindle at¬ 
tachment arises by crossing over within the inversion result in lethal eggs. 

Table 16 * 

Progeny of I lie oross yVr/ f cr attached-X females by I v f males. 

Pour egg laying periods; 2, 2 and 3 days. 

XX reUALKtl +/X*' nsUALKS MALES 


V“rr 

a^o 4 

/ 

137 

1 V f 

1098 

y-’t' cr 

11 


IQ 7 

y cr 

1 

yh^f cr 

I 

V 

3 



Total 



337 




In such cases the X chromosomes are not simply eliminated for we should 
then expect a ratio of 2-f males to i female. Males carrying the closed 
chromosome are almost completely inviable. The y cr male recorded in 
table 16 apparently carried such a chromosome. This male had narrow 
wings, other characteristics of duplication-carrying males, was y (not y*) 
and was sterile. We have not made a cytological study of this closed-X; 
this has been done by Sidorov, Sokolov, and Trofimov (1935) for the 
closed-X they obtained in the same way (using an unspecified inversion). 
They have published a drawing of one metaphase plate showing the 
closed-X. 

From the data given in table 16 and the information summarized in 
table 15, we can make an approximate calculation of the frequencies of 
single and double exchanges within the inverted segment. Doubles are 
measured by equationals for genes within the inverted segment (v and /). 
Since equationals for one chromosome only are detected, there is one 
chance in eight of detecting a crossover from a double exchange tetrad. 
Thus the twelve equationals indicate that there were actually 96 double 
exchange tetrads. Since a part of the females are eliminated, a corrected 
total must be used and the most direct way of getting this is to double the 
number of males. This gives 2196 as a corrected total. The frequency of 
double exchanges is then 4.4 percent. Using the information in table 15 
we can subtract from the observed numbers of individuals those which 
carry products of double exchange. The remainder should give a measure 
of single exchanges. Single crossovers are directly recovered as closed chro¬ 
mosomes. The frequency of single exchanges is also measured by the 
deficiency of females as compared with males. The average of these two 
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measures of single exchange is 90.8 percent (assuming 50 percent as the 
value given by recovered closed chromosomes). The summary of the above 
operations is as follows: 


XX females 

X/X' females 

males 

Excess of males 

Observed 

316 

.?37 

1098 

over females 

445 

Double exchange 
( 4 ' 4 %) 

36 

24 


36 

Remainder 

280 

313 


409 

Single exchange 
(90.8%) 

298.7 

248.4 


454-9 


The two measures of single exchange agree with one another only ap¬ 
proximately. However it is quite clear that the frequency of single ex¬ 
change is high and approaches the frequency characteristic of the segment 
normally arranged. The distribution of the single crossovers in the inver¬ 
sion heterozygote is indicated by the data, and for the regions y-v and v-f, 
is approximately the same as that for normal chromosomes. 

Crossing over in the segment between the right break of the inversion 
and the spindle attachment is very low as indicated by the low frequency 
of forked equationals. The one v f c r female recorded in table 16 is as¬ 
sumed to have resulted from double exchange within the inverted seg¬ 
ment rather than from single exchange to the right of it. 

In the case of XX females heterozygous for short inversions, the closed 
chromosomes resulting from crossing over within the inverted segment are 
inviable in heterozygous condition and so cannot be recovered unless the 
duplications and deficiencies are compensated for in some way. However 
it is clear from the above discussion of attached-X In y-4 heterozygotes 
that the distortion of the sex ratio in itself can be used as a measure of 
crossing over. 

Early experiments with XX females heterozygous for In sc-7 consist¬ 
ently gave an excess of males over females. The results of three such ex¬ 
periments are summarized in table 17. These experiments indicated rela¬ 
tively high frequencies of exchange in the inverted segment and approxi¬ 
mately normal crossing over between the inversion and the spindle-attach¬ 
ment, the latter result being in substantial agreement with those from 
free-X In sc-7 heterozygotes (p. 557). Since no particular precautions 
were taken to insure that male and female offspring were of comparable 
viability in these exp>eriments, stocks more satisfactory with respect to 
the mutant genes used were made up and the experiments repeated. To 
decrease viability differences, relatively short egg-laying periods were used. 
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The results are summarized in tables 18 and 19. These data are in agree¬ 
ment with those from the first experiments in showing that crossing over 
to the right of the inversion is about normal (the sc-7 chromosome of the 
females whose progeny are summarized in table 19 apparently carried a 
semi-lethal mutant of unknown origin and the raw data must be corrected 
accordingly). However these experiments indicate a lower exchange fre¬ 
quency within the inverted segment than did the earlier ones. The inver¬ 
sion involves a segment 13 to 20 map units long. The data of tables t 8 
and 19 give crossover values of 9 and 10 percent (one half exchange fre¬ 
quencies). 


Tablk 17 


Progeny of XX fern lies heterozygous for inversion sc-y mated to various males. 


CONSTITUTION Of UOTHJSH 8 

CONSTITUTION Of DAUQHTSHS* 

8C-7 u'** r / 

8C-7 It’® / 

8C-7 V B 

y- ec f 

ecf 

yi ecf 

4 - 

267 

206 

iss (5/-f) 

sc-7 

6 

45 

10 (B/-f ) 

y* ec 

53 

24 

18 {B/+) 

sc-7 

S 3 


14 (B/+) 

f ecf 



4 

sc-7 



5 

BIB 



2 

f 



I 

y* «?<*, B/B 



I 

Total females 

379 

275 

210 

Corrected total femalesf 

38 s 

296 

216 

Total males 

493 

483 

309 

Exchange (%) 

29.2 

SI .6 

40.1 


* Constitutions are given only with respect to genes heterozygous in the mother, 
t Corrected total females obtained by adding to non-crossover phenotype, twice the number 
of equationals for the sc-7. The correction is for the indicated lower viability of equationals for 


Experiments were made with In dl-49 using the same technique as for 
the later experiments with In sc-7. The results of two experiments with 
controls are summarized in table 20. The extent of the distortion of the sex 
ratio in the two series is not the same. The control experiments indicate 
that the difference is due to the difference in relative vaibility of the two 
kinds of males used. Making appropriate corrections of the number of 
males, the two series indicate exchange values for the inverted segment of 
11.5 and 12.5 percent. Exchange in the segment between the right inver¬ 
sion break and the spindle attachment is measured by equationals for 
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genes within the inversion limits. The values indicated are 3.8 and 10.4 
percent for the two series. The cause of the rather large difference is not 
known. Exchange in the segment to the left of the inversion is* measured 
by equationals for y and by equationals for the genes v which are not equa- 
tional for y. About all that can be said about the exchange frequency for 
this terminal segment is that it is low (less than 2 percent). 


Table 18 

Progeny of the cross sc-7 vPcrIfcl vfcr attached-X females by wild type males. Egg-laying periods; 

j, 2 and 2 days. 





nSMAUBB 





PEBCaWT 

cr 

80*7 ifl“cr 

yctcr 

yetxcr yctxfer fer 

v/er 

tor 



IXCUANOa 

629 

124 

27 

79 45 2 

3 

1 

937 

1088 

00 


* Total corrected for indicated lower viability of sc-7 


Table 19 

Progeny of the cross sc-yvPl^ f cr attached-X females by wild type males. Egg-laying periods 

2 and 2 days. 







miALifi 






PXRCBNT 

+ 

so-7tt>“ 

V 


yvf 

yvfer 

f/ 

fer 

/ 

V 



393 

2 

14 

66 

8 

1 

I 

I 

I 

I 575 

679 

20.4 


* Total corrected as in table 18. 


From the evidence considered above it is clear that single crossovers do 
occur between segments of chromosomes inverted relative to one another. 
The frequency of such crossovers evidently depends on the length of the 

Table 20 

Progeny oj the cross dl-4g cm^ly"^ v f cr attached-X femalesXBar and -f males and from control 
crosses ofy^vf crj^ vfcr attached-X females by Bar and -j^males. In each casoy three egg-laying 

periods; j, 2 and 2 days. 


PROCniNT 

nmiBuoN 


CONTROL 

XB 

x+ 

XB 

x+ 

+ 99 

984 

1672 



cw 9 9 

II 

46 



y 9 9 

0 

I 



y» 9 9 

2 

10 



yvf 9 9 

4 

28 



yvfer 9 9 

5 

18 



vfcr 9 9 

0 

I 



Total 9 9 

1006 

1776 

590 

841 


1004 (iioi)* 

2076 (i960)* 

538 

89t 


^ Numbers in parentheses are corrected totals obtained by multiplying the observed numbers 
of males by the ratio of females to males in the appropriate control. 
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inverted segment and its position in the chromosome. These relations will 
be discussed in more detail in another connection (page 596). In any case 
we can say that long inversions such as In sc-8, In sc-4, and In y-4 
show, with a normal chromosome, a high frequency of single crossing over 
between the inversion segments. These frequencies are of the same order 
of magnitude as those characteristic of these same segments arranged in 
the normal way. 

EGG AND LARVAL-PUPAL MORTALITY 

We have shown in the preceding section that single crossovers occur with 
a relatively high frequency in inversion heterozygotes. The question that 
we shall consider now is whether or not such crossovers result in inviable 
zygotes. This question can of course be directly answered by determining 
the amount of mortality in the progeny of heterozygotes for inversions 
known to give a high frequency of single crossing over within the inverted 
segment. 

Technique 

The method that we have used in determining the amount of mortality 
is essentially the same as that commonly used by other workers (e.g.,L. V. 
Morgan 1933). Certain modifications were found useful. Paper spoons 
have usually been used as containers for the medium on which the eggs are 
collected. They have two disadvantages: (i) the surface of the medium 
is usually not flat and (2) the depth of the medium varies which often re¬ 
sults in drying out around the edges. To overcome these disadvantages 
small metal (nickel has been found satisfactory) containers about 38 mm 
long, 17 mm wide and 3 mm deep were made. A handle of the same ma¬ 
terial about 10 mm wide was soldered to the bottom so that it projected 
about 3 cm. 

The standard cornmeal-molasses-agar medium with the addition of ani¬ 
mal charcoal (to increase the contrast between eggs and medium) was 
liquified, pipetted into the containers and allowed to cool. The flat surface 
was then painted with a rather heavy yeast suspension. The addition of 
fermented banana, alcohol or wine was found to be of no advantage. A 
single female was allowed to deposit eggs on the medium for a period of 
24 hours. The container was then removed from the vial and replaced with 
one containing fresh medium. After removing the container the food was 
removed from it with a strip of cardboard of appropriate size. The eggs, 
including those already hatched, were then counted and recorded. The 
food was placed in a vial at 25°C in a moist incubator for 28 hours after 
which time the unhatched eggs were counted. The food block was then 
placed in a standard half pint culture bottle and the flies allowed to de¬ 
velop to maturity. Unless care is taken to have the outside of the food con- 
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tainer dry there is danger in error from eggs deposited on the sides of the 
container. The larvae from these eggs may hatch and crawl onto the food 
block. There is also some error in losing or killing a few larvae in handling 
the food blocks. The magnitude of these errors can be kept reasonably low 
with careful manipulation. 

Our experience indicates that the percentage of egg mortality is depend¬ 
ent upon the genetic constitution of the mother as well as upon the genetic 
constitution of the eggs themselves. Thus females from inbred stocks or 
females homozygous for several recessive genes generally give relatively 
high mortality regardless of the type of males to which they are mated. 
Because of this fact, strictly comparable controls cannot be had. To mini¬ 
mize this “residual” egg mortality, crosses between more or less unrelated 
stocks were made wherever possible and the Fi females from not over¬ 
crowded cultures were used in the egg-laying experiments. Normal con¬ 
trols more or less comparable in genetic constitution were run simultane¬ 
ously with the experiments on inversion heterozygotes. 

Results 

The results of our experiments on In sc-4, In sc-8, In y-4, and In 
dl-49 heterozygotes are summarized in table 21. The answer to the ques¬ 
tion that we set out to study is quite clear: single crossovers do not give 
rise CO inviable zygotes. In the cases of In sc-4, In sc-8 and In y-4 ex¬ 
change is approximately normal in frequency. If the distribution of the 
four strands of a tetrad were random at meiosis, we should expect about 
half the products to be single crossovers or their equivalent. Since such 
crossovers are not recovered in the viable zygotes they would have to be 
eliminated as inviable zygotes. However, it is evident that inviable zygotes 
do not approach 50 per cent in frequency. Since these inversion hetero¬ 
zygotes produce an appreciable number of patroclinous males (about 3 to 
S percent of the viable zygotes) we know that there should be a correspond¬ 
ing frequency of inviable zygotes (no-X eggs fertilized by Y-carrying 
sperms). In these cases crossing over could be followed sufiiciently well to 
know that the inversion heterozygotes were giving the usual results. In 
addition the frequency of patroclinous males was determined and found 
to be approximately “normal” for the inversion heterozygotes under con¬ 
sideration. When the data are considered in connection with the frequen¬ 
cies of patroclinous males produced (page 595) and with the controls, and 
when allowance is made for the difference in genetic constitution between 
inversion heterozygotes and controls, we can conclude that the only 
zygotes whose death is the direct result of the presence of the inversion 
in the parent females are those corresponding to patroclinous males and 
differentiated from them by the sperm. 
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Stone and Thomas (1935) have also published egg counts for In 
SC-8/+ and In dl-49/+. The mortality indicated is higher than in our 
data, as it is also for their controls. They have also not distinguished be¬ 
tween egg mortality and larval-pupal mortality. It seems clear that the 
lowest adequately established mortality is the one that gives the best pic¬ 
ture of the case; and it is to be noted also that Stone and Thomas con¬ 
clude, as do we, that single crossovers are not responsible for any detect¬ 
able portion of the observed mortality. 

Tabu; 21 

Egg and larval-pupal mortality data for inversion heterozygotes. 


MATING 


y sc -4 v/cr/+XB 
sc*8 cv vf/f-XB 
f^/B (control for above) XB 
SC“8 t»/rX3'^'^ 

-h/tt'® V (control) xy**^ 
dl-49/-f* XB 
y-dt/v fXw 
y-4^y-4Xw 


TOTAL 

BOOS 

INVIABLE 

PERCENT 

INVIABLE 

2839 

214 

7*5 

4190 

284 

6.8 

3947 

52 

I ‘3 

1313 

184 

14.0 

1018 

26 

2 5 

1645 

51 

31 

884 

68 

7 7 

570 

113 

19 8 


PBftCENT 


HATCHED 

EOGB 

ADULT 

FLIE8 

EMERGENCE 

or 

HATCHED 

EGOS 

2625 

2187 

83-4 

3906 

3745 

g6.o 

389 s 

3741 

96.2 

112Q 

990 

87.6 

992 

991 

99.9 

T594 

1525 

95-7 

816 

753 

92 4 

457 

375 

82.2 


Data from XXY In sc-8 heterozygotes are included in table 21. Here 
both egg and larval-pupal mortality is relatively high. This is of course 
expected from the fact that here secondary non-disjunction occurs with an 
appreciable frequency (page 582). The frequency of inviable eggs is of the 
same order of magnitude as that of exceptional males (YY or YX zygotes, 
depending upon the sperm) and larval-pupal mortality is of the same order 
of magnitude as exceptional females (XXX or XXY zygotes, depending 
upon the sperm). 

In connection with studies of sister-strand crossing over, Schweitzer 
and Kaliss (1935) have made extensive determinations of egg mortality 
in inversion heterozygotes. Their results are in agreement with the con¬ 
clusion we have drawn that single exchanges between inverted segments 
do not result in inviable zygotes. 

THE MECHANISM OF DISJUNCTION IN INVERSION HETEROZYGOTES 

It has been shown in preceding sections that single exchanges occur 
within the inverted segment of inversion heterozygotes, and further, that 
the crossover products of single exchange are not recovered and do not re¬ 
sult in inviable zygotes. It is evident that we must assume that such single 
crossover chromatids are selectively eliminated during the meiotic process. 
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It has also been shown that X chromosome inversion heterozygotes give 
rise to patroclinous males among their progeny. We have implied that the 
frequency of such exceptional males is a function of double exchange. 

The problem that we shall consider is how these two results, (i) elimina¬ 
tion of single crossover chromatids and (2) the production of no-X eggs, 
are brought about. We know from cytological studies on plants (Zea, 
McClintock 1933; Tulipa, Stone 1933; Vida, Mather 1934; Trillium, 
Smith 1935) that double spindle attachment chromatids resulting from 
crossing over between segments inverted with respect to one another pro¬ 
duce chromatin ties between the two poles of the first meiotic division (or 
under certain conditions to be considered below, between poles of second 
meiotic spindles). Knowing that the four nuclei resulting from meiosis in 
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a 


Flrs^ division 


:d 


- o. . .. .o .o 

Second division 

Figure 6 . —Single exchange within a heterozygous inversion. The upper figure represents the 
two X’s of a female in which one chromosome is practically wholly inverted. At the first meiotic 
division there results a chromatid tie; this leads to an orientation of the second division such that 
the two terminal nuclei receive only non-crossover chromatids; one of these is the egg nucleus. The 
result is the total loss of all single crossover chromatids to the polar body nuclei. 

the Drosophila egg lie approximately on a single straight line (Huettner 
1924), we are prompted to propose the following scheme for the X chromo¬ 
some of Drosophila. 

1. A single chromatid tie at the first meiotic division results in orienta¬ 
tion of the spindle attachments in such a manner that only chromatids 
with a single spindle attachment get into the terminal nuclei, one of which 
will become the egg nucleus (Huettner 1924). 

2. A double chromatid tie results in the formation of end nuclei with no 
X chromosome, and a no-X egg will result. 

The behavior of various types of crossover tetrads expected according 
to this scheme is shown diagrammatically in figures 6 and 7. 

As to the precise nature of the orientation of single exchange tetrads or 
their equivalent we have insufficient information; we know only the end 
result. It seems reasonable to suppose that the orienting influence of a 
dqubl? attachment chromatid is mechanical. However, we do not know 
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whether or not such chromatids in Drosophila break during the division 
as they are known to do in the plants mentioned above. If they break, the 
orientation probably results from the retardation prior to breakage. Single 
crossover chromatids without spindle attachments are probably not in¬ 
cluded in either daughter nucleus but lost in the cytoplasm during division 
as is known to be the case in plants (McClintock 1933). 

From the diagrammatic representation of the suggested scheme (figs. 6 
and 7), it is evident that certain quantitative relations should hold. These 



o- . O..-o ...o 


("ox) g.V (nox) 

Second division 

Figure 7. —The four possible types of double exchange within a heterozygous inversion. The 
two-strand exchange (upper row) leads to equal numbers of non-crossover and double crossover 
chromatids in the terminal nuclei, each of which will be the egg nucleus in half the cases. Three- 
strand doubles (second and third rows) result in chromatid ties at the first division, and also lead 
to equal numbers of non-crossover and double crossover chromatids in the egg nuclei Four-strand 
double exchange (fourth row) leads to a double tie at the first division, and to no-X egg nuclei. 

should serve as tests of the assumptions we have made. The types and fre¬ 
quencies of gametes expected to result from non-, single, double, and triple 
exchange tetrads are summarized in table 22. It is seen that from double 
exchange tetrads, double crossover and no-X gametes are expected to oc¬ 
cur in the ratio of 3:2. This 3:2 ratio was also found experimentally by 
Stone and Thomas (1935) for In sc-8 and for another long inversion that 
we have not studied. For the longer inversions some triple exchanges pre¬ 
sumably occur and these give double crossover and no-X gametes in the 
ratio of 21:4. Since we have no way of measuring the relative frequencies 
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of double and triple exchanges in inversion heterozygotes (because triple 
crossover chromatids must be eliminated) we cannot predict precisely 
what the ratio of double crossover to no-X eggs should be. However, if 
we make the assumption that the frequency of triple relative to double ex¬ 
changes in inversion heterozygotes does not exceed that of normal X chro¬ 
mosomes (about i:io), then the ratio of double crossover to no-X 
gametes should lie between 3:2 and 3.4:2. 

The numerical data showing the relation of double crossovers to patro- 
clinous males are given in table 23. Half the no-X eggs arc lost (fertilization 
with Y sperm) and in the cases recorded in the table, half the double cross¬ 
overs were not detected since only male offspring were used to measure 
crossing over. Hence the zygotic ratios expected are the same as the gamet¬ 
ic ratios mentioned above and given in table 22. The observed relative 
frequencies approach rather closely the ratio 3:2. In no case is the devia¬ 
tion from 3:2 statistically significant. The totals approach very closely a 

Table 22 


Relative frequencies of types of gametes produced following single^ double^ and triple exchange within 
the inverted segment of an X chromosome tetrad. 


EXCUANaX 

DKBIONATION* 

NON-CROBSOVKR 

DOUBLE 

CR 0 B 80 VER 

NOX XOG 

None 


I 

0 

0 

Single 


I 

0 

0 

Double 

2(1) 

I 

1 



3 (*) 

2 

2 



4(1) 



2 


Total 

3 

3 

2 

Triple 

2,3.3 (4) 

4 

4 



2,4.4(2) 

2, 2,2(1) 

3.4.3 (2) 

2 

4 

4 


3.2,3 (2) 

1 

3 



3 . 3 i 4 { 4 ) 


8 



4 , 2,4(1) 


2 



Total 

7 

21 

4 


* Doubles are designated by the number of strands involved in the two exchanges; triples in 
the same way by considering them as three doubles, taking successive exchanges a, b and c in 
combinations of two in the order a-b, a-c, and b-c, and in this case, disregarding the direction 
(a-b-c is equivalent to c-b-a). Relative frequencies of different types among doubles or among 
triples are indicated by numbers in parentheses. 

The frequencies of gametes (totals of last three columns) must in each case be proportional 
to the frequencies of occurrence of the types of exchange (numbers in parentheses). This is true 
even in the case of two-strand doubles, where the potentially good chromatids are twice as 
numerous as in the case of three-strand doubles, since each tetrad gives rise only to a single 
^pmete. The same principle applies also to triples. 
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ratio of 3:2; the actual observed small deviation is in the direction ex¬ 
pected to result from triple exchanges. The inversion heterozygotes known 
to give approximately normal crossing over (sc-4, sc-8 and (Df sc^) actually 
are the ones that give the higher ratios. The results expected on the pro 
posed scheme of disjunction in inversion heterozygotes are thus in quanti¬ 
tative agreement with the experimental data. 


Tablic 23 

Relative frequencies with which double crossovers and patroclinous males are recovered from inversion 
heterozygotes. In all cases double crossovers as recovered in males only are recorded. 


CONSTITUTION 

DOUBLR 

CTIOSAOVER 

MALKH 

FATROCLINOUS 

MALES 

CALCULATED ( i 2) 

ACTUAL 

RATIO 

SC- 4 /+ 

108 

b 3 

102.6 

68.4 

3 4:2 

sc-8/-f 

93 

57 

00.0 

60 0 

3 * 3‘2 

Df (sc- 8 )*/-l- 

60 

31 

54 6 

3<'.4 

3 - 9*2 

y- 4 /+ 

57 

51 

64.8 

43 2 

2.2:2 

Df(bl))/+ 

93 

66 

95-4 

63 6 

2.8:2 

SC-4/SC-7 

11 

7 

10 8 

7.2 

3 1:2 


422 

275 

418.2 

278 8 

3.1:2 


* Number of double crossovers corrected, owing to lethal nature of T)f (sc-8) 


The scheme proposed should enable one to predict quantitatively the 
results from closed-X heterozygotes. 'J'hese have been studied by L. V. 
Morgan (1933). Her results differ from those expected according to the 
scheme formulated from our knowledge of inversion heterozygotes in two 
important respects: 

1. Among the progeny of X/X*’, X is recovered more frequently than 
X‘’. 

2. Egg mortality is too high relative to the frequency of recovered 
double crossovers. 

The inequality of X and X*' among the progeny was ascribed by L. V. 
Morgan to differential viability. The egg mortality data led her to con¬ 
clude that single exchanges result in inviable zygotes. Fortunately a second 
closed-X chromosome was found by Mr. R. D. Boche of this laboratory. 
This closed-X has an advantage over the original X" used in the experi¬ 
ments of L. V. Morgan in that it has less effect on viability. We have 
made several experiments with X*^* heterozygotes set up especially to test 
the scheme proposed in this paper. The results of these experiments are 
to be presented in another paper but we can say here that both discrepan¬ 
cies mentioned above appear now to be viability effects. The results ob¬ 
tained from X/X“~® and X®~VX°'* females are in as good agreement with 
those predicted from the assumptions we have made in this paper as could 
reasonably be expected. 
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We have pointed out that single exchange between two segments in¬ 
verted relative to one another does not result in inviable zygotes. In the 
case of attached-X inversion heterozygotes we have pointed out that fol¬ 
lowing certain types of single exchange a chromatid tie is formed during 
the second meiotic division. From the numerical data we concluded that 
the condition in which the X chromosome spindle attachment is tied to a 
spindle attachment in the nucleus lying next in line does result in an in¬ 
viable egg. There is another case in which single exchange within the 
inverted segment should result in a chromatid tie at the second division. 
This is where a single exchange within the inversion is accompanied by a 
second exchange outside the inversion of such a nature that the two ex¬ 
changes make a three-strand double exchange. Smith (1935) has observed 
this result cytologically in Trillium. In the inversions dealt with in our 
experiments, lethal eggs from this source would be very infrequent except 
for the case of In sc-7. This inversion is the only one that we have used 
in which exchange in the heterozygote is frequent both inside and outside 
the inverted segment. Here, however, the mortality has not been studied. 

EFFECTS OF INVERSIONS ON FREQUENCY OF CROSSING OVER 

a. Homozygous inversions. The data are in agreement with earlier con¬ 
clusions (Sturtevant 1931) that homozygous inversions show about the 
same total amount of crossing over as do homozygous normals. They are 
also in agreement with the conclusions of Beadle (1932) and of Offerman 
and Muller (1932) that the distribution of this crossing over is altered 
by relation to the spindle attachment, a given section giving less crossing 
over if it is near the attachment, more if it is near the free end of the chro¬ 
mosome. 

h. Heterozygous inversions. The effects on crossing over are, as might be 
expected, different for sections within the inversion and those outside it, 
and are also dependent on the length and position of the inversion con¬ 
cerned. 

Crossing over within the inversion is evidently decreased in hetero¬ 
zygotes for In sc-7 and In dl-49 (pp. 586-588), and is probably decreased 
in In CIB since so few doubles are recovered. The other inversions studied 
here, all of them longer than these, seem to have much less effect on cross¬ 
ing over within the inversion, though the data are scarcely adequate to 
permit the conclusion that there is no effect. 

Crossing over in sections outside the inversion is regularly reduced. 
In sc-4 and In sc-8 do not leave any sections uninverted in which cross¬ 
ing over occurs in normal flies and can be measured in inversion heterozy¬ 
gotes. The same is true for the sections to the left of In sc-7 and In y-4 
and for that to the right of In Df (bb). The remaining seven uninverted 
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sections all show a reduction in crossing over, localized close to the inver¬ 
sion itself to the right of In sc-7, relatively slight to the right of In 
dl-49, and very marked in the other cases, namely, on both sides of In 
CIB, to the left of In dl-49 ^nd of In Df (bb), and to the right of In y-4. 

These data are in approximate agreement with expectations from the 
competitive pairing hypothesis of Dobzhansky (1931). A short inversion 
may be supposed to have its pairing more interfered with by the unin¬ 
verted sections than does a long inversion which has shorter uninverted 
sections. Conversely, a long inversion may be supposed to interfere more 
seriously than a short one with the pairing of the uninverted sections. 

One other relation is suggested here, as it is by the data on autosomal 
inversions (Sturtevant 1931); namely that an inversion is more effective 
in suppressing crossing over in segments distal to itself than in proximal 
segments. This relation is difficult to analyze, and of the present series 
of inversions dl-49 seems to be the only one favorable for its study. What 
is needed is a comparative study of a larger series of more diverse types 
of inversions than we have used. 'Phis need is supplied in part by Stone 
and Thomas (1935), who reach conclusions similar to the one just sug¬ 
gested. 

THE EFFECTS OF THE Y CHROMOSOME ON CROSSING OVER 

The most extensive series of data on the effects of a Y chromosome on 
crossing over is that of Bridges and Olbrycht ( 1926 ). Dr. Bridges in¬ 
forms us that the XXY females there recorded gave, in addition to the 
published results, 246 exceptional offspring (2.5 per cent). Correcting the 
data (by adding twice the number of exceptions to the non-crossover class 
in the case of XXY females) gives the following comparisons: 

sc ec cv ct V g f total N 
XX 6.7 8.8 8.2 14.4 II. 3 12.3 54.5 11325 

XXY 6.5 9.1 8.3 14.2 10.1 9.7 50.8 9461 

XX/XXY 1.03 .97 .99 1.01 1.12 1.27 1.07 

Evidently the Y has no effect on crossing over in the region from sc to 
V, reduces v-g, and reduces g-f still more. This is in agreement with the 
results on duplications described by Dobzhansky (1934), since the Y is 
homologous only with the right end of the X, and reduces crossing over 
only in the portions of the X near this homologous section. 

The results recorded in this paper for comparable XX and XXY females 
can also be interpreted in terms of the hypothesis of “competitive pairing” 
(Dobzhansky 1931). In Df(bb)/+ gives no effect of the Y, as might be ex¬ 
pected, since Df(bb) presumably carries little or no material homologous 
to the Y. In the cases of sc- 4 / 4 - and y-4/ + there is an increase of double 
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crossing over within the inversion, which may be looked upon as due to 
interference of the Y with pairing of the attachment ends of the X’s, this 
in turn leading to less interference of these attachment ends with full pair- 
ingof the inverted segment. In the case of dl-49/ + the crossing over studied 
is that between the inversion and the spindle attachment; the data are in 
agreement with the analysis just given in that they indicate a decrease in 
crossing over due to the Y. The one remaining case in which we have com¬ 
parable data is that of y-4/Df(bb), where the frequency of singles within 
the common inverted region seems to be unaffected by the presence of a 
Y, as would have been expected. 

SECONDARY NON-DISJUNCTION 

XXY females of all kinds give segregation of two chromosomes to one 
pole, one to the other (X-XY or XX-Y). The inversions affect the relative 
frequencies of these two types, and therefore a fuller understanding of the 
meiotic behavior of inversions should throw light on the mechanism of 
secondary non-disjunction. 

If p be taken as the frequency of XX-Y segregation, then assuming 
random fertilization by X sperm and Y sperm and death of the XXX and 

YY classes, the frequency of recovered exceptions, q, will be ——- • 

2-p 

The earlier analyses of secondary non-disjunction (Bridges 1916, 
Anderson 1929, Gershenson 1935) have been based on the assumption 
that the maximum frequency of XX-Y segregation occurred when one X 
separated from Y and the other X went to either pole at random. This 
gives p = .5, q = .333%. Gershenson himself obtained, from In ClB/-t-, 
ff“-353± -0040 in the female classes, a deviation about five times the 
probable error. Adding our data the value becomes .366±.0038, a devia¬ 
tion of .033 or nearly 9 times the probable error. In the case of In dl-49/+ 
the female data of table 14 give q = .456±.oo5i, a deviation of .123, 24 
timeB the probable error. 

There can be no doubt, then, that XX-Y segregation can occur with a 
frequency greater than 0.5. As a matter of fact the dl-49/ + value for q 
(.456) gives p * .626. 

It becomes necessary, therefore, to search for a new interpretation of 
secondary exceptions. As pointed out by Bridges (1916), nearly aU the 
exceptional females from -t-/+/Y mothers are non-crossovers, carrying 
the same two X’s as their respective mothers. The same relation holds for 
In/+/Y exceptions, as shown by Gershenson (1935) and by our own 
data. In both types of experiments occasional exceptions are found with 
crossover chromosomes; but these are little, if any, more frequent than are 
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such crossover exceptions from XX mothers; they may safely be disre¬ 
garded in analyzing the effect of the Y on non-disjunction. Secondary 
exceptions, then, carry two unlike non-crossover chromatids. The failure 
of separation must take place at the first meiotic division, rather than the 
second, since the latter would give two like chromosomes. This is true 
provided Drosophila agrees with plants in having the first division re- 
ductional for spindle attachments. Indirect evidence as well as direct 
cytological evidence (Kaufmann, 1935) indicates that this assumption is 
correct. It may be concluded also that secondary exceptions result from 
X-tetrads in which no crossing over occurred, for otherwise one would have 
to assume that the orientation of sister chromatids on the second meiotic 
spindle was not random. This is contrary to what is known in other cases; 
and even this assumption would not suffice to account for 3-strand or 
4-strand doubles. 

If secondary exceptions arise from non-crossover X tetrads, the next 
step is to determine the frequency of such tetrads in various kinds of fe¬ 
males and to compare this with the frequency of non-disjunction in such 
females. This can be done best in the case of In dl-49. As shown above, 
XXY dl-49/ -F females gave about 1 percent exchange to the left of the 
inversion, 12 percent in the inversion, and 20 percent to the right of the 
inversion. There are probably not over 3 percent multiple crossovers 
here, so 30 percent is not far from the true value for the crossover X- 
tetrads. (Three-strand multiples where one crossover is in the inversion 
and one is outside it should give rise to inviable eggs; the data presented 
above show that these are negligible in frequency.) Therefore, among the 70 
percent non-crossover X tetrads, 62.6 or 90 percent give rise to non-disjunc- 
tional gametes. If we use the frequency of exceptional females actually 
observed in the same experiment in which crossing over was studied, we 
find that 66/79 or 83 percent of the non-crossover X tetrads gave XX-Y 
segregation. This does not take into account exchanges within the inver¬ 
sion. There can be little doubt that 90 percent is too low rather than too 
high a value. If one assumes that this same proportion holds in all cases 
the resulting deduced frequencies of complete non-crossover X tetrads 
(for example 9 percent for +/ -f/Y) seem not unreasonable. In any case, 
the proportion .667 suggested by Beadle and Sturtevant (1935) by 
analogy with the fourth chromosome is clearly incorrect for dl-49/-f. 

Table 14 shows that the frequency of secondary exceptions rises as the 
total frequency of crossing over decreases in the various inversion com¬ 
binations. Changes in the reverse direction have not been recorded in D. 
tnelanogaster, but other species give more crossing over; that is, they have 
longer crossing over maps and presumably fewer non-crossover tetrads. 
The available data are shown in table 24. The map lengths given are 
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probably too short, especially in willistoni and pseudoobscura, owing to 
fewness of available loci for study. Other species have been omitted be¬ 
cause this element of uncertainty is even greater. It is clear that the table 
is in agreement with expectation. 


Table 24 

Comparison of species. 


8 P 1 CI 1 B 


SECONDARY EXCEPTIONS 

TOTAL MAP LENGTH OP X 

% 

AUTHORITY 

UNITS 

AUTHORITY 

melan§gasier 

4.3 

Bridges 1916 

66 

Bridges, unpubl. 

simulans 

2.9 

Sturtevant 1929 

70 

Sturtevant 1929 

willistoni 

1-7 

Lancefield and 

Metz 1921 

84 

Lanceheld and 

Metz 1922 

virilis 

o-S 

Kikkawa 1932 

182 

Kikkawa 1932 

pseudoobscura 

0 

Schultz and Redfield, 
unpubl. 

170 

Lancefield 1922 


The frequency of secondary exceptions thus shows strong negative cor¬ 
relation with the frequency of tetrad crossing over. Since the latter value 
is not greatly affected by the presence of a Y, whereas the former is, it 
may be concluded that the frequency of secondaries is dependent on the 
occurrence of non-crossover tetrads, rather than the reverse. 

NORMAL DISJUNCTION OF x’s 

In the case of dl-49/ -f the data show about 14 percent crossing over 
(28 percent exchange) between the spindle attachment and the inversion. 
The attached-X data show about 12 percent exchange within the inversion. 
These results are from XXY females; in the cases of other inversions the 
presence of a Y has been shown to give a slight increase in crossing over 
within the inversion. There is a small percentage (about i percent) of ex¬ 
change between the inversion and the free end. The indicated total fre¬ 
quency of exchange is thus 41 percent. There is a fairly large probable 
error attached to this value; but, since there are probably some double 
exchanges involved, it seems safe to conclude that at least half the tetrads 
undergo no exchange. 

The data of table 14 show, from this combination, no matroclinous 
females in a total of 3238 daughters. It follows that exchange is not neces¬ 
sary for normal disjunction. This conclusion can be avoided only by sup¬ 
posing that undetectable exchanges occur between the known genes and 
the attachment end of the chromosome. This supposition has no evidence 
in its support and is made unlikely by the absence of matroclinous females 
from In Df (bb)/ -1- and their presence only in numbers similar to those given 
by d-/ + in the cases of In sc-8/-f- and In Df(sc-8)/-|-. These three cases 
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all involve inversions that upset the homology well within the inert region, 
and might well be expected to interfere with crossing over in the region 
concerned. 

The results here reported may, then, be taken as supporting the con¬ 
clusion, which is probable on other grounds, that crossing over is not a 
necessary requirement for regular disjunction of the X chromosomes of 
Drosophila melanogaster. 

POPULATION MECHANICS OF INVERSIONS 

The scheme for inversion crossovers here developed should apply in all 
cases of inversions that do not include spindle attachments, since singles 
within such inversions should always give ties between first meiotic nuclei. 
The resulting selective eliminations of crossover chromatids may be ex¬ 
pected in any case where three of the four products of meiosis are elim¬ 
inated, the effective one being terminal (in terms of the orientation of the 
second division spindles). These conditions hold in the oogenesis of most 
animals and in the megasporogenesis of most seed-plants. In such forms 
as the Ascomycete Neurospora, where all the products of meiosis are po¬ 
tentially functional but are still arranged in a line, inversions of the type 
under discussion should lead to non-functioning of “inner” nuclei in much 
higher proportions than terminal ones. In plants the result will be the 
production of numerous inviable pollen grains, but no increase in egg in¬ 
viability. There will therefore be no decrease in fertility, a circumstance 
that must prevent the rapid elimination of inversions through a reduced 
rate of reproduction. In animals the aberrant sperm will presumably be 
viable and functional, but will lead to the production of inviable zygotes 
and therefore to reduced fertility. In Drosophila this result is not brought 
about because of the absence of crossing over in the male. 

A mechanism that increases the number of gametes carrying a single 
complete haploid set of chromosomes exists also in the case of hetero¬ 
zygotes for reciprocal translocations, where there is a higher frequency of 
“regular” than of “irregular” gametes in most cases. Here, however, there 
is no marked sexual difference, and the frequency of irregulars is high 
enough to produce an appreciable decrease in fertility in most (probably 
in all) cases. These relations are probably responsible for the observation 
that, within a given species of Drosophila, wild populations carry in¬ 
versions far more frequently than translocations. 

Inversions that include the spindle attachment cannot produce a chro¬ 
matid tie, and will therefore decrease fertility if single exchanges occur 
within them. This is probably the explanation of the fact that no such in¬ 
versions have been found in wild populations of Drosophila, though they 
do occur as a result of X-ray treatment. 
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SUMMARY 

1. Seven inversions are discussed. Their nature is illustrated in figure i. 

2. The results obtained from females heterozygous for two inversions 
are described. The properties of the chromosomes produced by single 
crossing over within the common inverted sections are summarized in 
table II. 

3. The frequencies of matroclinous females and patroclinous males from 
the combinations studied are shown in table 14. 

4. Females carrying attached X’s, in one of which there is an inversion, 
give rise to closed X’s by single crossing over within the inversion. 

5. Egg counts show that the mortality from inversion heterozygotes 
can all be accounted for as due to the fertilization of no-X eggs by Y 
sperm. This is very much less than the indicated frequency of single cross¬ 
over chromatids. 

6. Since single crossovers are produced but are not recovered, they 
must be eliminated from the egg at meiosis, leaving a non-crossover 
chromatid in the reduced egg. 

7. A scheme for such oriented divisions is shown in figures 6 and 7. This 
is based on cytological observations on plants and on the observed geo¬ 
metrical relations of the meiotic divisions in the Drosophila egg. 

8. According to this scheme, crossover chromatids with two spindle 
attachments form ties between two nuclei at the first meiotic division, 
resulting in the tied chromatid failing to pass to either terminal pole; or 
at the second division, resulting in death of the egg when the egg nucleus 
is concerned. 

9. This scheme results in several numerical predictions, which are borne 
out by the data: 

(a) matroclinous females from XX mothers are not increased in fre¬ 
quency by inversions. 

(b) patroclinous males are to recovered double crossover males as 2:3. 

(c) egg mortality is practically equal to the frequency of patroclinous 
males. 

10. Inversions, and also the presence of a Y chromosome, decrease 
crossing over in accordance with the hypothesis of competitive pairing. 

11. Females (XX) heterozygous for inversions may give many no¬ 
exchange tetrads; these segregate normally, with the production of no 
significant number of XX gametes. 

12. In XXY females that are dl-49/ -f, 90 percent or more of the eggs 
in which no exchange occurs give XX-Y segregation. Similar frequencies 
are probable in all cases studied. 
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INTRODUCTION 

I T WAS recently found (Nebel and Ruttle, in press) that Tradescantia 
reflexa Raf. shows four threads' per chromosome during all somatic as 
well as during all premeiotic stages. 

Multiplication of threads occurs at metaphase during somatic division 
(fig. i). In meiosis of T. reflexa the four threads multiply at early inter¬ 
kinesis and do not do so again until the metaphase of the first pollen divi¬ 
sion (fig. 2). The leptotene thread is four-partite. This corresponds to the 
four-partite structure of chromosomes in mitotic prophases. The chromo¬ 
some at interkinesis contains eight threads per univalent while at the 
quartet stage each chromosome again contains four threads. The orienta¬ 
tion of these threads disregarding the coils is equidistant for only a short 
time during telophase. During the remainder of the cycle the chromosome 
consists essentially of two well-defined chromatids which can only with 
special precautions be resolved into longitudinal half-chromatids. This 
orientation is represented by figures i and 2. 

To demonstrate the quadripartite nature of the presynaptic or leptotene 
chroniosome X-rays were used in order to determine whether such treat¬ 
ment might bring about lesions affecting only one of the constituent 
threads of a chromosome. If it is possible to influence the discrete threads 
individually, the cytological study of their subsequent behavior may well 
complete the demonstration of the quadripartite nature of the presynaptic 
chromosome. These lesions, while related to the peculiar spatial and func¬ 
tional order of the four threads in a chromosome, seemed to vary in type 
with variation in dosage, as will be explained below. 

LITERATURE AND PRELIMINARY DISCUSSION 

X-rays have been used to determine the number of chromonemata in 
chromosomes by several investigators. According to the majority the 
chromosome is bipartite during most stages of the cycle. The present find- 

t Approved by the Director of the N. Y. State Agricultural Experiment Station for publication 
as Journal paper No. 140. April ag, 1936. 

^ The term “thread” will be used as a morphological term for such ultimate filamentous con¬ 
stituents of the chromosome as can be resolved optically. The term ckromonema is avoided because 
it has recently been confused with chromatid, Genonema carries theoretical implications and should 
be reserved for the time when the ph3rsical structure of the gene will have been more fully resolved. 

Oenbtics 21 : 605 Sept. 1936 
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ing that the chromosome is four-partite may perhaps be harmonized with 
that of other investigators under the following premises: 

(a) Tradescantia is favorable material with large chromosomes; other 
material such as Drosophila may have chromosomes which cannot be 
divided into four parts by either optical or genetical means. 

(b) Most workers raying liliaceous plants have not recognized four-par¬ 
tite chromosomes as a normal phenomenon and have therefore not been 
looking for results in their experiments which might indicate their pres¬ 
ence. 

(c) Half-chromatids are broken only under certain conditions of dosage 
and at certain stages. Whether they can be broken in mitosis as well as in 
meiosis is not certain. 

Lewitzky and Araratian (1931), radiating somatic cells of Secale, 
found after 2 days a large number of fragments some of which were very 
small. These small fragments they believe may have come from parts of 
the chromosome which are naturally attenuated (the kinetochore and its 
neighborhood). According to the present view they may come from frag¬ 
mentation of one of the four constituent threads of the chromosome. 
Stone (1933) and Mather and Stone (1933), raying somatic tissue of 
liliaceous plants, observed only breaks of entire chromosomes. Mather 
(1934) rayed cymes of Tradescantia and observed the resulting chromo¬ 
some changes from 3 to 24 days after the treatment. Although Mather 
did not use methods which would show the threads plainly, his figure 18, 
showing first pollen grain divisions nine days after radiation, indicates 
that the chromosome is four-partite before meiosis. Sax and Edmonds 
(1933) give a time schedule for the development of the pollen grains in 
Tradescantia, according to which the material which Mather shows in 
his figure 18 was apparently rayed before synapsis. Small fragments of 
about half the diameter of a chromatid are also present in figure 11 of 
Huskins and Hunter (1935), who radiated microspores of Trillium after 
the second reduction division and observed the first division in the pollen 
grain. These results indicate that breaks in half-chromatids may be ob¬ 
served in radiation of nuclei of the somatic type. Marshak (1935) con¬ 
cludes from his work on Gasteria that the chromosome previous to synap¬ 
sis is “at least two-partite.” 

According to earlier findings (Nebel and Ruttle in press), the chromo¬ 
some in Tradescantia is visibly four-partite from the last premeiotic meta¬ 
phase until early interkinesis (fig. 2). Each constituent thread then 
multiplies, the eight resulting threads forming sister chromosomes of the 
second meiotic division. The next multiplication of threads occurs at 
metaphase of the first division of the pollen grain. Any normal chromosome 
in a metaphase plate of the first division in the pollen grain is thus the 
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direct descendant of one chromatid of pre-meiosis. Any surviving frag¬ 
ments of half-chromatids produced at pre-meiosis would, if they divided 
normally, appear as longitudinal half-chromosome (chromatid) fragments 
in the early metaphase of the first division of the pollen grain. When the 
original fragments survive but are too small to be capable of division, they 
will show up in the pollen grain division as minute bodies of about one- 
fourth the diameter of a normal chromosome. 

The observations of Levitzky and Araratian (1931) on somatic 
cells of rye can be interpreted according to the present view point. The 
small fragments shown in their figure 2 plate 1 from divisions fixed 
two days after radiation may be fragments of half-chromatids. The au¬ 
thors vainly seek an explanation of these very small fragments. Mather 
(1934) also shows small fragments in his figure 18. These, as well as the 
large chromosome pieces which consist of only one chromatid of prometa¬ 
phase of the pollen grain division, are interpreted to be the direct descend¬ 
ants of breaks of half-chromatids, which occurred during presynapsis. 
Huskins and Hunter (1935) likewise probably obtain breaks in half¬ 
chromatids of Trillium, indicating that the chromosomes of this plant are 
four-partite at all stages. Marshak (1935) considers the chromosome at 
least two-partite before synapsis. Marshak was working with relatively 
low dosages of X-rays which according to the present results give only 
a very low frequency of half-chromatid breaks or none at all. For this 
reason Marshak’s findings are considered not to contradict the present 
work. Thus it may be said that the data of the literature while not directly 
so interpreted by the respective investigators may be in actual agreement 
with the fact that the chromosomes of many monocots are four-partite at 
all stages. 

This conclusion apparently does not hold for animal material as far as 
it has been carefully investigated. Patterson (1933 and 1935) and Moore 
(^93S) have shown from genetical evidence that the interphase chromo¬ 
some of Drosophila is a bipartite structure. Radiation of mature sperm 
gave complete mutations as well as mosaics. The latter indicate that there 
are two gene threads per chromosome in the resting stage. Why both 
threads may be affected identically by radiation will be discussed later. 
White (1935) rayed spermatogonia of Locusta and observed various types 
of lesions during the first mitosis, which occurred after treatment. When 
metaphases were observed 32 hours after radiation White found chrom¬ 
atid breaks, indicating that the chromosome was split in two at the time 
of radiation. White’s data thus indicate that orthopteran chromosomes 
are physiologically double at all stages of the mitotic cycle. 



6 o8 


B. R. NEBEL 


MATERIALS AND METHODS 

Cymes (flowering heads) of plants of T. rejlexa were radiated with 50, 
200, 500 and 1000 r units respectively. A Coolidge tube running at 180 
k.v.p. and 3 milliamperes furnished the radiation. All buds containing 
stages later than diakinesis were removed previous to exposure. It is as¬ 
sumed that the majority of the sporocytes subjected to radiation contained 
presynaptic nuclei for the following reason. In T. rejlexa reduction divi¬ 
sion roughly follows a daily cycle, and successively younger buds in a vigor¬ 
ous half-cyme show stages separated by a definite interval. From leptotene 
to first metaphase requires approximately 24 hours. If all buds later than 
diakinesis are removed in a given cyme, it is safe to say that all remaining 
buds are in presynapsis at that time. In less vigorous cymes such as were 
used in the present experiment, successively younger buds show even 
greater time intervals. 

Smear preparations were made in the following way: pretreated in \ 
normal Ringer 30 seconds at pH 7.5; fixed in 3:1 alcohol acetic acid; 
stained with carmine alum lake in 45 percent acetic acid; dehydrated for 
two minutes each in alcohol acetic acid 2:1, 4:1, 10:1, absolute alcohol, 
clove oil; mounted in diaphane. This method yields slides which will keep 
for a few months. The use of clove oil was suggested by M. L. Ruttle 
(unpublished). Had it not been for this method the half-chromatid breaks 
described in this paper would undoubtedly have escaped observation. 

OBSERVATIONS 

The microscopic evidence of half-chromatid and chromatid lesions of 
presynapsis is shown in figure 3, a-d. These chromosomes are from cells 
radiated during presynapsis; A, b and c are from second anaphase, D is 
from prometaphase of the first division in the pollen grain. The chromo¬ 
some of second anaphase contains four threads, two in each chromatid. 
In figure 3, a and b there are visible asymmetries between sister chroma¬ 
tids. Since each chromatid of the second anaphase is the equivalent of a 
half-chromatid of the cycle preceding first metaphase, lesions as shown in 
figure 3, a and b are termed half-chromatid lesions of presynapsis. Figure 
3c shows an entire chromosome of second anaphase, which forms a slight 
angle at the insertion region. On the vertical arm there are two achromatic 
spots on sister chromatids which are due to a lesion of a presynaptic chrom¬ 
atid. Figure 3D is from prometaphase of the first division in the pollen 
grain. The chromosome is obviously split at this stage into the two prospec¬ 
tive chromosomes of anaphase and each half contains two threads which 
are about to become four. The asymmetric pieces towards 10 and 2 o’clock 
are prospective anaphase chromosomes which have no sister halves. The 



CHROMOSOME STRUCTURE IN TRADESCANTIA 609 


asymmetry of prometaphase chromosomes of the first division in the pollen 
grain corresponds to lesions which affected half-chromatids of presynapsis. 
With reference to figure 3, A and b it may be said that they are presented 
as examples of a phenomenon which appeared only under the specific 
conditions of radiation of 200 r units and above. The origin of each single 
case might be questioned but the occurrence of this type of lesion exclu¬ 
sively under the condition of the experiment renders the individual case 
significant. 



I'lGURE I. Diagram of Mitosis, A, telo¬ 
phase with threads equidistant li, interphase 
C, prophase. D, metaphasc. Multiplication of 
threads becomes visible during metaphase as 
soon as the prospective chromosomes of ana¬ 
phase are ready to separate. Coiling has been 
disregarded; also the threads are not actually 
arranged in a single plane. 


Figure 2. —Diagram of number of threads 
in a single chromosome in meiosis and meta¬ 
phase of first division in the pollen grain. 
A, leptotene. 11, first metaphase C, interkine¬ 
sis. At this stage multiplication of threads be¬ 
comes visible; each chromosome contains eight 
threads which separate at the second division. 
D, quartet stage (only one of the two chromo¬ 
somes which separate in the second divi ion is 
shown). E, metaphase in first division of the 
pollen grain. Another multiplication occurs 
here. “Lesions” have been entered by cross 
bars, the straight horizontal bar illustrates the 
history of a lesion affecting a half chromatid 
of presynapsis. The wavy cross bar illustrates 
a lesion affecting one chromatid of presynap¬ 
sis. A half-chromatid lesion of presynapsis be¬ 
comes a chromatid lesion at second anaphase 
and a chromosome lesion after the metaphase 
of the first division in the pollen grain. A 
chromatid lesion of presynapsis becomes a 
chromosome lesion at second division etc. 


Table i is a summary of the observations. The effect of radiation was 
observed primarily during first and second reduction division. Turning to 
figure 2, it can be seen that a lesion affecting one chromatid at leptotene 
(fig. 2a) would be observed as such during first division, (fig. 2b) but 
would during late metaphase and anaphase of the second division appear 
as a lesion affecting a chromosome (fig. 2d). At the division in the pollen 
grain this same lesion would affect both halves of the chromosome at 
prometaphase (fig. 2 e). 
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Table i 

Effect of X-rays on presynaptic chromosomes observed during first and second anaphase 


DOBAOa 

IISIOTIC 

HOURS 

AFTER 

TOTAL 

COUNTS OF LESIONS AFFECTING 

PERCENTAGE OF LESIONS AFFECTING 









r UNITS 

DIVI- 

TREAT- 

LESIONS 

BOTH 

ONE 

ONE 

I HALF- 

BOTH 

ONE 

ONE 

I HALF- 


SION 

KENT 


HOMO- 

CHRO- 

CHRO- 

CHRO- 

HOMO- 

CHRO- 

CHIIO- 

CHRO- 





LOOUES 

MOSOHE 

MATH) 

MATID 

LOOUES 

MOSOME 

MATID 

MATID 

1000 

2nd 

60.5 

81 

2 

18 

SI 

10 

2.5 

22 

63 

12.3 

500 

ISt 

S 3 

46 


2 

42 

2 


4-4 

91.2 

4-4 


2nd 

22 

183 


5 

157 

21 


2.7 

85.7 

II.6 

200 

ISt 

26 

35 


2 

32 

I 


5-7 

91.4 

2.9 


2nd 

26 

120 


9 

109 

2 


7-5 

90.8 

1-7 

50 

ISt 

29 

55 



55 




100 



2nd 

29 

32 


I 

32 



3 

97 



A lesion affecting one half-chromatid at leptotene becomes a lesion of 
half a chromosome in second division and of a whole chromosome in the 
anaphase of the division in the pollen grain. In tabic i observations made 



A B 



Figi/re 3.—Material radiated during presynapsia. A, B and C are from second anaphase, 
A, showing one chromatid as3nnmetrically attached to the end of another chromosome, B, show¬ 
ing one chromatid partly deleted. Half-chromosome (chromatid) lesions of second anaphase are 
the result of half-chromatid lesions of presynapsis. C illustrates two achromatic spots at the same 
level of a chromosome at second anaphase. These are the results of a lesion affecting one chromatid 
of presynapsis. D is from prometaphase of the first division in the poUen grain. The asymmetric 
pieces towards 10 and 2 o’clock are prospective anaphasic elements. Their sister halves have be¬ 
come detached. This corresponds to half-chromatid lesions of presynapsis. Camera lucida X 2400. 
(Drawn by M. L. Ruttle.) 
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on first and second divisions are reduced to the condition of the chromo¬ 
some at first metaphase, which in Tradescantia is identical with the condi¬ 
tion in leptotene or any other presynaptic stage after the last archesporial 
division. Thus if at second anaphase a lesion is observed which at that 
stage involves a single chromatid, this is entered in table i as a lesion hav¬ 
ing affected one half-chromatid. 

The term lesion is used to include any type of cytological abnormality, 
such as achromatic spots, breaks or translocations, here again using the 
last term to describe the transfer of chromosomes or parts of chromosomes 
to previously unrelated parts of other chromosomes. 

A lesion which affected a half-chromatid observed in second division 
could not be distinguished from a lesion affecting three half-chromatids. 
Breaks affecting three half-chromatids at first division were, however, not 
observed. Achromatic spots affecting a half-chromatid only were not ob¬ 
served. Achromatic spots seemed always to affect both halves of a chroma¬ 
tid (fig. 3c) and appeared in second division side by side as a clearly defined 
pair of spots or as narrow achromatic band across the width of a chromo¬ 
some of second anaphase. 

The data in table i seem to indicate that the effect of radiation changes 
with increasing dosage. At low dosages the effect is confined almost com¬ 
pletely to lesions of chromatids. At higher dosages there is an increasing 
number of other lesions. Single half-chromatid lesions increase and lesions 
involving more than one chromatid at a given level become more numer¬ 
ous. 

Since higher dosages of radiation merely represent longer exposures to 
the same type of radiation it is hard to understand why at the low dosage 
the types of lesions were narrowed to nearly a single class. 

To explain the results it is suggested that under longer exposures the 
reaction of the chromatic elements is no longer a simple one. Under pro¬ 
longed exposure heat may be generated in the cell, sensitive processes of 
metabolism may be invalidated sufficiently to change the reaction of 
chromatin toward radiation. In a general sense prolonged radiation causes 
a change in the environment of the chromosome threads, which in turn 
changes the type of reaction of the chromosomes toward radiation. Under 
low dosage, with no change in the environment, the unit of reaction 
within the chromosome is the chromatid. This is in keeping with the fact 
that crossing over is a reaction between chromatids, not between half¬ 
chromatids, It is also in keeping with the observation that half-chromatids 
are very closely united, perhaps by a common matrix.^ It is assumed that 

* I have suggested earlier (Nebel 1932) that each chromonema is surrounded by its own in¬ 
dividual matrix. In a general sense this is still maintained. If the diameter of the gene string 
(Haskins 1935) is a fraction of that of a visible chromosome thread, this visible surrounding of 
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sister half-chromatids form a physiological unit, which under moderate 
radiation reacts as a unit. Under increased radiation, due to a change in 
the environment the equilibrium between half-chromatids may become up¬ 
set, and the normal physiological and spatial distance between related 
chromatids and chromosomes may also become disturbed. The effect of 
heavy radiation is similar to that of heat which causes clumping and stick¬ 
ing of chromatic elements which normally form no contacts. 

The present evidence is purely cytological but chromatic changes may 
entail genetic changes. The finding of Stubbe (1935) that the genom of 
Epilobium hirsutum is more sensitive to radiation when carried in E. 
luteum plasma than when carried in its own plasma may be quoted as an 
analogy for the instability of the genom under changes of environment. 

The existence of half-chromatid breaks is not taken as proof but merely 
as a confirmation of the morphological observation that meiotic chroma¬ 
tids are formed and split in the last premeiotic metaphase in Tradescantia. 
It would be possible to explain the data differently but any alternative 
explanation leads into additional difficulties. 

Marshak (1935) found a linear progression for lesions with dosage. 
The present material confirms Marshak’s finding. A special study of 
this phase was not possible but when a graph was drawn from the number 
of lesions observed under various dosages using only those cells in which all 
chromosomes could be seen, this graph showed 2 to 3 lesions per cell with 
50 r units, 4 to 5 with 200, 8 to 10 with 500 and 10 to 18 with 1000 r units 
respectively. The graph is not given here because the numbers of perfect 
cells available for counting was low. Lesions involving a chromatid were 
counted as one, lesions involving a half-chromatid likewise. Lesions in¬ 
volving more than one chromatid were counted as one only where sister 
chromatids clearly appeared involved at the same level. 

With higher dosages counts of lesions will appear low, for the reason that 
if a fragment becomes a micronucleus it will hide additional lesions which 
it may contain. Counts of lesions will appear high for the following reason. 
It is assumed that a single hit may at higher dosage spread “horizontally” 
—at right angles to the long axis of the chromosome. The first division 
separates homologous chromatids and the second division separates sister 

the gene string may be called a matrix. Other cytologists (Kuwaoa and Nakahuka 1934) have 
postulated several matrices within the chromosome to account for the different coils which may 
' be formed at one time within the chromosome. It may be well to maintain the term matrix and 
think of various matrices one inside the other, but these terms are merely descriptive images of 
what actually is effected by various forces of mutual attraction between adjacent threads. In 
the present case we must postulate one matrix to keep the four threads of a chromosome together. 
The second matrices hold chromatids at the correct distance and surround half-chromatids. The 
third matrices surround half-chromatids in Tradescantia. All three matrices are to our knowledge 
identical in substance. 
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chromatids. This separation makes it hard to detect lesions in correspond¬ 
ing regions of sister and homologous chromatids. The effect of what may 
have been a single hit will thus be considered multiple. 

These two phenomena may cancel one another. With this in mind the 
obtained linearity of the curve of number of lesions per cell plotted against 
dosage suggests that under higher dosages the effect of a single hit may 
occasionally spread at right angles to the longitudinal axis of a chromo¬ 
some, and also may, in contrast to the effect of low dosages, remain con¬ 
fined to a single half-chromatid. A few observations were made on the 
first somatic division in the pollen grain from cymes rayed with 500 r units. 
The divisions were observed 14 days after radiation. This time interval 
indicates that at the time of radiation the material was in presynapsis. 
Several divisions showed an abundance of fragments involving only one 
chromatid of prometaphase. From diagrams a to e of figure 2 it may be 
seen that such breaks would be expected from the lesion of half-chromatids 
of presynapsis. 

7 'he occurrence of half-chromatid breaks as observed at first and second 
division was followed thru successive days and could be traced for about 
a week after treatment. After this time half-chromatid breaks were no 
longer observed. 'Phis one would expect if the maximum time limit be¬ 
tween reduction division and the last preceding archesporial division for 
any one cell were around 170 hours. This corresponds to the time schedule 
given by Sax and Edmonds (1933). 

SUMMARY 

Radiation of cymes of Tradescanlia rejlexa Raf. was applied to pre- 
synaptic stages of microsporocytes. The effect of the radiation was ob¬ 
served during first and second reduction divisions. With low dosage the 
experiment indicates that the chromosome is split in two previous to 
synapsis. With higher dosage the experiment suggests that occasionally the 
chromosome is split mio four previous to synapsis. 

This is interpreted as follows: Each chromosome is composed of two 
split chromatids (or four half-chromatids) at all stages of presynapsis. In 
normal material the two half chromatids that constitute a given chromatid 
lie very close to one another and do not react individually. (The process 
of crossing over in Tradescantia is a reaction between chromatids in which 
every two half-chromatids behave as a physiological and mechanical unit.) 

Under low dosage of X-rays half-chromatids are physiologically unable 
to show separate reactions. 

With higher dosage of radiation (200 r units and more) the spatial and 
physiological order of the threads within a chromosome is upset. Chro¬ 
matic reactions may be recorded which affect one of four (or three of four) 
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threads differentially. It is also indicated that with higher dosage chro¬ 
matic reactions at a certain level of the chromosome may spread, involving 
sister and even homologous loci. 

The differential effect of higher dosage is thus attributed to action upon 
the immediate environment of the chromatin, perhaps to heat or to a 
general interference with the normal metabolism of the nucleus which in 
turn changes the type of reaction of the chromatin. 
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INTRODUCTION 

T he first evidence of a crossover suppressor was found in 1913 by 
Sturtevant. In 1921 Sturtevant found the first definite evidence 
of an inversion when he showed that several third chromosome genes in 
Drosophila melanogaskr were arranged in an inverted order with respect 
to similar genes in the third chromosome of D. simulans. At this time 
Sturtevant predicted that a heterozygous inversion would suppress 
crossing over and suggested that the Nova Scotia stock (Sturtevant 1917 
and 1919) had an inversion. It was not until 1926, however, that it was 
actually demonstrated that in at least one case crossover suppression was 
due to an inversion (Sturtevant 1926). 

The sole effect on crossing over ascribed to inversions until recently is 
that the number of recovered crossovers is reduced in the chromosome in 
which the inversion is located. But as long ago as 1919, Sturtevant sus¬ 
pected that crossover suppressors (inversions) might have an interchromo- 
somal effect. He reported that a high value for crossing over between 
black and purple was due, in part at least, to a dominant gene (really an 
inversion) in the third chromosome, which when heterozygous reduced 
crossing over in this chromosome. 

Ward (1923) tested the effect of the curly inversion on crossing over 
in the first and third chromosomes; her observations on crossing over were 
of no value because of the small number of flies used, but she did notice 
an increase in multiple crossovers. Payne (1924) tested the effect of the 
Payne inversion on crossing over in the first and second chromosomes. 
While he counted large numbers of flies, the chromosomes were poorly 
marked (w‘m on the first chromosome and b pr c sp on the second) and 
he ran no controls; he therefore noticed no interchromosomal effect on 
crossing over. Payne made no statement in regard to the number of 
multiple crossovers recovered. 

The problem rested here until 1932, when Schultz and Redfield 
(Morgan, Bridges and Schultz 1932) stated that inversions in the first 
and second chromosomes increased crossing over in the third chromosome. 
In the following year they published a short account (Morgan, Bridges 
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and Schultz 1933) in which they stated that inversions in the first and 
third chromosomes increased crossing over in the second. The increased 
crossing over in both cases was due to an increase in multiple crossing over. 

The experiments reported in this paper are concerned with the effects 
of inversions in the second and third chromosomes on crossing over in the 
first chromosome. 


MATERIALS AND TECHNIQUE 

The autosomal inversions used in the experiments were the Payne in¬ 
versions (C3LP Dfd C3RP ca) in the third chromosome and the Cy in¬ 
versions (Cy C2L.C2Rcy) in the second chromosome. The Payne inver¬ 
sions (Payne 1924) reduce crossing over almost completely throughout 
the length of the third chromosome. The Curly inversions (Ward 1923) 
gave no crossover flies in a total of 2487 from a cross of heterozygous 
Cy/2ple females by 2ple/2ple males. Crossing over in the first chromo¬ 
some was detected by means of the alternated stock (y cv v f/ec cf g*). 
This is identical with the alternated X-ple stock (Bridges and Olbrycht 
1926) except for the substitution of y for sc. 

The crosses were as follows: 

1. +/ + ;+/+; yew f/ec ct^ 9 XOregon-R o’ (controls) 

2. +/+;+/Cy; " / " 9 X " 

3. 4-/Payne; +/-I-; " / " 9 X " o' 

4. -|-/Payne; +/Cy; ' / " 9 X " o' 

Because of a significant deviation of the crossover value in region i of 
the controls from the standard value (to be discussed below) it is im¬ 
portant that the relation of the chromosomes of the test stocks to those 
of the controls be explained. The derivation of the stocks was such that 
one set of autosomes and one X chromosome in each stock came from the 
original ec efi g* stock. The second X chromosome in each case came from 
the original y cv v f stock. The origin of the remaining chromosomes was 
as follows: in the controls they all came from the y cv vf stock. In the +/+; 
+/Cy; yew f/ec g* stock the remaining third chromosome had an equal 
chance of coming from either the y cv v f or the Curly stock; the same 
holds true for the fourth chromosome. In the -f/Payne; +/ + ;ycvv f/ec 
ct^ g* stock the remaining second and fourth chromosomes had an equal 
chance of coming from either the Payne or the y cvvf stock. Since twenty 
cultures with from two to three females in each were counted for each 
cross, it is likely that the origins of these chromosomes were very nearly 
equally divided between their possible sources. In the +/Payne; +/Cy; 
y CD vf/ec efi g* stock only the origin of the fourth chromosome is in doubt. 
It had an equal chance of coming from either the Payne, the Curly or the 
y cvvf stock. 



CROSSING OVER IN DROSOPHILA 


617 

In all the crosses the male offspring only were classified for each of the 
seven first chromosome characters involved. The crosses were run at 
25 ± i°C on the usual cornmeal-agar-molasses food medium. 



MAP LENGTH (CONTROL) 

Figure 1 —Plot of percent increase in crossing over in the test crosses over that of the controls 
against the control map length. {Data from table i.'l 


THE DATA 

The crossover values in the controls for all regions except region i com¬ 
pare favorably with the standard map distances (table i). Region i, how¬ 
ever, gives a value which is but half that of the standard value. Since a 
large number of flies was counted (3937) and classification was certain, 
this difference must be considered significant. The construction of the 
stocks used in the test crosses makes it unlikely that this low value is due 
to any autosomal modifiers. Since the source of the X chromosomes is 
constant throughout the experiment it is almost certain that the cause of 
this low value in region i of the controls had no effect on the relative 
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values of the results, although the possibility remains that there might 
have been some effect on the absolute values. 

Table i shows the crossover values for each of the four different crosses 
as well as a comparison of the crossover values of the test crosses with 
those of the controls. These values are calculated from the raw data shown 
in table 5. There is an increase in crossing over in each of the six regions 
of the test crosses as compared with the controls. This increase is greatest 

Table j 

Companion of croisover valuer. 


RKQION 123456 MAP LENGTH TOTAL 

% % % % % % % % % % % % MAP % BBR 

CROSS* IN- CROSS- IN- CROSS- IN- CROSS- IN- CROSS- IN- CROSS- IN- LENGTH IN- OF 

OVER CREASE OVER CREASE OVER CREASE OVER CREASE OVER CREASE OVER CREASE CREASE FLIES 


+ + ; 
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e / 


ec ct* 

+ + 

y ct V f 

-f’oy 

ec 

et* 

+ 

4 - : 

V cv V f 

Payne 

■f’ 

ec et* 92 

+ 

4 * 

V cvv f 

Payne 

Cy 

ec ct* g'i 


2.7 — 74 — 7.7 M 6 - 10 7 


7 4 171.1 9.8 32.4 8 7 13.0 14.8 88 II 9 II.2 


1 7 37 o 10.6 43.2 0 2 10 5 17 30 Q I 4 3 (> 


10.4 285 2 16.1 117 6 12 9 67.5 22 2 63 2 16 o 49 5 


10 7 ~ '?2 8 - - 3937 


II.5 7 5 64 I 21 4 2733 


14 8 38.3 70 4 3 3612 


10.4 75 4 07-0 83.7 1 SS 4 


in the cross involving both sets of inversions, next greatest in the cross 
with the Payne inversions and least in the cross with the Curly inversions 
(table I, fig. i). This is due to a large increase in multiple crossovers which 
is again greatest in the cross involving both sets of inversions, and least 
in the cross involving the Curly inversions. 

The Curly inversions have their greatest effect on the left end of the 
X chromosome, causing an increase in crossing over of 171.1 percent be¬ 
tween y and ec (region i, table i). The effect drops rapidly as the right end 
of the chromosome is approached so that between cv and c/* (region 3, 
table i) the increase is only 13.0 percent. From this point on the effect on 
crossing over is approximately constant (table i, fig. i). 

The Payne inversions, unlike the Curly inyersions, have an approxi¬ 
mately uniform effect on crossing over throughout the portion of the X 
chromosome under observation in this experiment (table i and fig. i). 
This effect is to cause an increase of approximately 33 percent in each of 
the six regions. According to Schultz and Redtield (Morgan, Bridges 
and Schultz, 1933), the Payne inversions did not have a uniform effect 
throughout the length of the second chromosome but affected crossing 
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over in this chromosome in much the same manner as does triploidy. Why 
the effect of the Payne inversions on one chromosome is different from 
their effect on another cannot be explained at present. 

The Curly and Payne inversions when combined affect crossing over in 
the first chromosome in somewhat the same manner as do the Curly in¬ 
versions alone (table i and fig. i). Here again, the increase is greatest in 
region i (285.2 percent) and decreases rapidly to 65.7 percent in region 3 
and remains practically constant thereafter (table i and fig. 1). The effect 
of the combined inversions is greater in every region than is the effect of 
the inversions taken singly. Furthermore, the effect of the combined in¬ 
versions exceeds in every region the sum of the effects of each of the two 
pairs of inversions used separately (table i). 

The increase in crossing over noted in the crosses involving the inver¬ 
sions singly or together is due to an increase in multiple crossover strands 
and a decrease in non-crossover strands (tables 2, 3 and 4). In the cross 

Table 2 


Classification of strands into crossover classes 



CONTROLS 

+ -f 1/ et X f 

+ 

> 

«s; 

cv v f 


V ct V j 

4 - + 

y cv t f 

+ -1- 

ec 

+ Cy’ 

ecct^ p® 

Payne -f- 

ec cP p® 

Payne Cy 

ecd« p® 


NCMBKR 

FIRCINT 

NCITBKR 

PERCENT 

NUMBER 

PERCENT 

NUMBER 

PERCENT 

non-crossovers 

2052 

52 .1 

1213 

44.4 

1532 

42.4 

470 

30.2 

singles 

1697 

43-1 

1292 

47.3 

1632 

45-2 

702 

’ 5-2 

doubles 

181 

4.6 

224 

8.2 

430 

ri.Q 

344 

22.1 

triples 

7 

0.2 

4 

0. I 

16 

0.4 

37 

2.4 

quadruples 

— 

— 

— 

— 

2 

0. I 

— 

— 

quintuples 

—■ 

— 

— 

— 

•— 


I 

0. I 

totals 

3937 


2733 


3612 


1554 



Tablk 3 

Shoving eompari$on of tetrado having a erotvover tn a yiven region with those hating a crossover in the given region and in one other 

region. All values are in percent. 
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with the Curly inversions the double crossover strands are increased by 
78 percent (table 2). The non-crossover strands are decreased from 52.1 
percent to 44.4 percent, a reduction of 14.8 percent. There is an apparent 
reduction in the number of triple crossovers but the numbers involved are 
small and therefore the reduction is probably not significant. The increase 

Tablk 4 

Distribution of crossovers in tetrads All values are in percent. Symbols are explained in the text, 
(The s point crossover is not included in the calculations of T.t, T.ij, etc.; the values of the 

Tijk tetrads are omitted.) 


CLASS 

+ + y cv V f 

+ y ct V f 

-f y cv t f 

-}- + y v / 

-f + ec 

+ Cy «j d* 

Payno -f cc d* 

Psyne Cy ec ct^ y* 

T. 

13-4 

5-2 

8.8 

4.7 

T.. 

68.9 

62.4 

44.4 

16.4 

T.<; 

16.2 

31.6 
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1.4 

0 8 

0.0 

19.2 
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. 
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6 
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0.0 
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0.7 
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1.2 

2.8 ' 
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4.9 

2,3 

— O.I 

— 

0.2 

0-3 
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0.7 
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2.9 

9.0 

3,5 

1.2 

4.2 

3-2 

8.2 

2,6 

2.6 

31 

5*6 

8.5 

3,4 

0.7 

0.6 

2.0 

1.8 

3,5 

I-S 

31 

4.1 

5.1 

3,6 

2.8 

3*8 

5-2 

4.9 

4,5 

1-3 
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4.4 

1.8 

4,6 

-0.4 
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5.2 
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0.2 

0.6 

2.1 

4.1 


in single crossover strands is probably significant. (D/(r<i*3.5.) The Payne 
inversions cause an increase in double crossover strands of 154 percent and 
a decrease of 18.4 percent in the non-crossover strands. The single cross¬ 
over strands do not change (43.1 percent in the controls and 45.2 percent 
in the Payne cross). Here again the numbers of three point crossover 
strands are too small to give decisive evidence as to the effect on triple 
crossovers. The combined inversions have a great effect on both the mul- 
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tiple crossover strands and the non-crossover strands. Double crossover 
strands are increased by 369 percent and triple crossovers by 1100 percent. 
The single crossover strands remain constant. The non-crossover strands 
are decreased by 41.7 percent (52.1 percent in the controls and 30.2 per¬ 
cent when both the Curly and Payne inversions are present). 

The behavior of the tetrads in all four crosses was deduced by means 
of the following formulae for the distribution of crossovers in tetrads. 
(These have been derived by D. R. Charles [unpublished] from Wein¬ 
stein’s generalized tetrad formulae [Weinstein 1932 and 1936],) 

T.ijki == ibs.ijki 
T.ijk 8(s.ijk 4^‘ijkl) 

P*ij 

l.i =2(s.i 2 S. ij “j~ 3 S‘ijk 4 ®‘ijkl) 

P.o ~S.o S.i'pS.ij S. 1 jk “pS. ijk 1 

Where T.ijki = all tetrads with four crossovers regardless of the regions in¬ 
volved; T.ijk = all tetrads with three crossovers regardless of the regions 
involved etc. and where s.,jki = all strands with four crossovers regardless 
of the regions involved etc. 

Distribution of tetrads with crossovers in specific regions: 

T ijki ~ ibSijki* 

Tijk. “3(Sijk. Sijk.l) 
fij. Sij ,k"hSij .kl) 

Ti, =2(si, Si.j ~f“3Si.jk Si,jki) 

Where T^^ki.^all tetrads which are crossovers in the specific regions ijkl 
only and Ti,k. = all tetrads which are crossovers in the specific regions ijk 
only, etc,, and Tijk.i==all tetrads which are crossovers in the specific re¬ 
gions ijk and one other region, 1, and where Si,ki., s^jk., etc., have the same 
meaning for strands as T,jki,, etc., has for tetrads. 

The tetrad computations of the data from the Curly cross indicate that 
those tetrads which show no crossovers in the portion of the X chromosome 
under observation (To in table 4) are greatly reduced in number and those 
tetrads which show one crossover (T.i in table 4) are slightly reduced in 
number as compared with the controls. The numbers of tetrads showing 
two crossovers is greatly increased. In the cross with the Payne inversions, 
the decrease in non-crossover tetrads is not as great as that in the cross 
with the Curly inversions, but the effect on the single crossover and double 
crossover tetrads, while in the same direction as that caused by the Curly 
inversions, is far greater. As is to be expected, the combined inversions 
have a much greater effect than either of the inversions alone. They reduce 
the non-crossover tetrads to 4.7 percent of the total and single crossover 
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tetrads to 16.4 percent while they increase the double crossover tetrads 
to 59.6 percent and the triple crossover tetrads to 19.2 percent. 

Table 3 shows a comparison of tetrads having a crossover in a given 
region with those having a crossover in the given region plus one other 
region. In the controls we find that most of the crossing over in all six 
regions comes from single crossover tetrads (tetrads having only one cross¬ 
over, that crossover being in the given region). In the cross with the Curly 
inversions, in regions one and six most of the crossing over occurred in 
Ti.j tetrads (tetrads with two crossovers, one of which is in the given 
region i). In region 5 about the same amount of crossing over occurred in 
Ti. tetrads as in Tu tetrads. In the remaining regions most of the crossing 
over took place in T,. tetrads. In the cross involving the Payne inversions, 
most of the crossing over took place in the IVi tetrads. This is the reverse 
of what took place in the controls. Finally, in the cross with the combined 
inversions, not only did most of the crossing over take place in T,., tetrads, 
but these tetrads exceeded the Tj. tetrads by at least 100 percent in every 
region. In regions i, 2, and 6 the excess of Ti., tetrads over Tj, tetrads is 
tremendous (table 3). Note the great reduction in the number of tetrads 
which crossed over in region 2 only. 

Table $ 


Showing the numbers and types of cf* offspring of each of the four different classes of 9 9 listed below 
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Table 5 {Continued) 

Showing the numbers and types of cT offspring of each of the four different classes of 9 9 listed below. 
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SUMMARY 

The effects of autosomal inversions on crossing over in the first chromo¬ 
some were measured. Four different crosses were made; (i) controls (no 
inversions in the autosomes); (2) Curly inversions in the second chromo¬ 
some, third chromosome normal; (3) Payne inversions in the third chro¬ 
mosome, no inversion in the second chromosome; (4) Curly inversions in 
the second chromosome and Payne inversions in the third chromosome 
simultaneously. In all four crosses crossing over was measured in the first 
chromosome by means of the alternated 7ple gene complex. 

Autosomal inversions increase crossing over in the X chromosome. This 
increase is accompanied by a great increase in multiple crossing over. 
These results confirm those of Schultz and Redfield on the negative 
correlation of the interchromosomal effect with the intrachromosomal 
effect of inversions on crossing over. 

The Curly inversions have their greatest effect on the yellow end of the 
X chromosome. This effect decreases rapidly until the oi-d® region is 
reached and thereafter it remains constant. The Payne inversions have 
an approximately uniform effect on crossing over throughout the portion 
of the X chromosome marked in this experiment. 
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The combined inversions have an effect similar to that of the Curly in¬ 
versions, that is, greatest in the y-ec. region, and constant to the right of 
the co-c^ region. This effect is greater in all regions than that of either the 
Curly or Payne inversions when used singly. 

The total increase in map length of the y-/ interval caused by the in¬ 
versions was greatest in the cross with the inversions combined and least 
when the Curly inversions were used alone. 

Analysis of the strand data shows that while there was a decrease in 
non-crossover strands and an increase in multiple crossover strands; the 
single crossover strands, with the probable exception of those in the cross 
involving the Cy chromosome alone, remained constant. Here again the 
order of magnitude of the effects of the inversions on the strand data was 
Cy; Payne>Payne>Cy. 

Tetrad analysis showed that there was a reduction in non-crossover and 
single crossover tetrads and an increase in multiple crossover tetrads. As 
in the above two cases the order of magnitude of the effects of the inver¬ 
sions was Curly; Payne >Payne>Curly. 

The author wishes to acknowledge his indebtedness to Professors L. C* 
Dunn and D. E. Lancepield and to Mrs. Jeanne C. Mossige for their 
many helpful suggestions and to Mr. Jack Godrich for preparation of 
figure 1. 
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INTRODUCTION 

I N 1925 Bridges found that females of Drosophila melanogaster contain¬ 
ing the dominant factor Minute-n in one X chromosome and some re¬ 
cessive genes in the other X chromosome often exhibit a mosaic condition. 
While the main surface area of these flies showed the effect of the dominant 
Minute-n (I, 62.7) without the effect of the recessive genes, as was to be 
expected, smaller areas, in different regions of the body and of varying 
size, were not Minute-n, phenotypically, but displayed the effects of the 
recessive genes. Bridges’ interpretation was this: the Minute-n factor has 
the property to eliminate occasionally the X chromosome in which it 
itself is located. The cells of mosaic spots are descended from one common 
ancestral cell in which such elimination had taken place. They possess, 
therefore, only one X chromosome and show the phenotype produced by 
its genes. 

Minute-n is only one of a group of factors which are very similar in their 
phenotypical expression. The ‘^Minutes” behave as dominants whose most 
striking phenotypic effect is a reduction in bristle size; in addition there 
is a strong retardation in development, tendency to rough eyes, etc. The 
homozygous Minute condition is lethal. Some Minutes have been shown 
to be deficiencies (Schultz 1929). Many Minute factors have been found 
in different loci of all chromosomes. They are distinguished by adding 
different letters or numbers to the symbol M, 

Following Bridges’ discovery of mosaics with respect to sex-linked 
factors, the appearance of mosaic spots which exhibit autosomal characters 
was described (Stern 1927b). Such spots appear on flies which originally 
had a constitution heterozygous for genes determining the characters. 
These mosaics occurred in crosses in which autosomal Minute factors were 
present and the facts seemed to agree with the interpretation that the 
spots were due to an elimination of that arm or part of an autosomal 
chromosome which carried the Minute. 

The present investigation was originally designed to attack the prob¬ 
lem : How is a Minute factor able to eliminate the chromosome or that part 
of a chromosome in which it itself is located? 

At the same time the solution of another problem was sought. The fact 
that small mosaic spots showed the phenotypic effect of certain genes con¬ 
tained in their cells whereas the remainder of the individual showed an¬ 
other phenotype was proof of the autonomous development of these char- 
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acteristics. Among the very few genes which did not show phenotypical 
effects in spots was the recessive "bobbed” (I, 66.0) which produces short 
bristles: in females the spots did not possess the 

frft-type bristle length, but a length. Non-autonomous development of 
the bobbed character seemed improbable as typical gynandromorphs had 
shown clear demarcation lines for the hb and areas (Stern 1927a). 
As bobbed is located at the extreme right end of the genetic X chromo¬ 
some, next to the spindle fibre attachment, the following hypothesis was 
proposed: just as in the case of autosomal eliminations only part of the 
autosome disappears, so also in Mn mosaics merely a portion of the X 
chromosome is eliminated. The piece adjoining the spindle attachment and 
including the bobbed locus is assumed to be left in the cell, thus giving a 
constitution + which, being heterozygous for &&, does not 

produce the effect of this gene (Stern igaSb). When Patterson (1930) 
using Muller’s Theta translocation showed that in his cases of X-radi- 
ated flies "not the whole X chromosome was eliminated” it was decided to 
use the same genetic technique to test the above hypothesis as to the 
partial elimination in the case of Mn. The Theta translocation was kindly 
put at my disposal by Prof. H. J. Muller. 

Both problems, the question*as to^he^ction of Minutes to bring about 
elimination and the question as to complete or partial elimination of the 
X chromosome (intimately bound up with the question as to autonomous 
or non-autonomous development of bobbed in small spots), proved to be 
based on an erroneous concept as to the origin of mosaic spots. While the 
investigation revealed this, it provided at least a partial solution of the 
problems by the discovery of somatic crossing over and segregation in 
Drosophila. 
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METHODS 

The methods were similar to those used by Bridges. Flies were made 
heterozygous for recessive genes whose phenotypic effects were of such a 
kind as to be exhibited by very small areas, preferably even single setae. 
The setae of Drosophila are divided into macrochaetae and microchaetae, 
the former generally called bristles, the latter, hairs. As far as the purpose 
of the present study is concerned the distinction is of no intrinsic im¬ 
portance. Genes mainly used were: (a) yellow body-color (y, i, o.o), pro¬ 
ducing an effect which can be distinguished in a single hair, making it 
yellowish-brownish as opposed to the black not-yellow condition (the 
general coloring effect of y on the hypodermis is often not very distinct in 
spots (Sturtevant 1932)) and (b) singed-3 (aw®, t, 21.0), producing a 
thickened, curved or crooked condition of the setae, which generally can 
be distinguished in single hairs also. However, doubts occasionally remain 
as to whether a single hair on a heterozygous +/5w® fly is genotypically 
singed or whether it is normal but slightly more bent than usual. With 
spots of two or more hairs such doubts hardly ever occur. 

Following Bridges, the flies were inspected originally for spots only on 
the head and thorax. In later experiments, however, inspection of the ab¬ 
domen was included. In order to discover even the smallest spots the flies 
were scrutinized under a binocular magnification of 37X (Bausch &Lomb 
objective 3.7, eyepieces loX). The use of a simple device made by the 
Bausch & Lomb Optical Company which allows for the fine adjustment 
to be made by foot movements and leaves both hands free for manipula¬ 
tion, proved to be of great value (for more detailed description see Droso¬ 
phila Information Service 6:60). 

As the study of spots was practically confined to setae-bearing regions, 
a table of the number of setae on different parts of the body of average 
sized females was computed. Generally only the dorsal and lateral parts 
of the thorax and only the tergites of the abdomen were inspected and, 
jgxcept in special cases, no effort was made to remove the wings in order 
to uncover completely the median part of the abdominal tergites. This 
partly covered region excluded about 20 per cent of the abdominal setae 
from inspection (table i). 

A separate record was kept for each spot consisting of an outline drawing 
in case of head and thorax mosaics or of a notation of number of macro- 
and microchaetae and position in case of abdominal mosaics. 

Spots on the dorsal side of the thorax nearly always form one single 
clearly defined mosaic area, while spots on abdominal tergites are fre- 
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Table i 

Number of setae on different body regions. 

ABDOMINAL TERGITS 



HEAD^ 

THORAX^ 

I AND 2 


4 


6 

7 

Mean num¬ 
ber of setae 

34 


108 

120 

117 

123 

120 

6 i 

Not inspected 
(estimate) % 

0 

0 

50 

40 

20 

0 

0 

0 

Inspected 

34 

23 « 

54 

72 

04 

123 

I 20 

61 

% of total in¬ 
spected setae 

4 

30 



06 




Inspected ab¬ 
dominal setae 
(% of total) 



10 

13 

17 

24 

24 

12 


Total setae inspected ca 800 

Total abdominal setae inspected ca 525. 

* Dorsal parts only 

quently broken up into two or more separate parts. Apparently the growth 
processes in the imaginal discs of thorax and abdomen are somewhat 
different. 

THE ACTION OF MINUTE FACTORS 

Blond-M inuie 

As stated in the introduction, a number of Minute determiners have 
been found to be deficiencies for short regions. The hypothesis suggested 
itself that the apparent tendency of Minutes to eliminate the chromosomes 
or chromosomal parts in which they are located is due to some mechanical 
disturbance of chromosome division which itself is caused by the material 
defect in the deficiency chromosome. 

In order to test this hypothesis use was made of the Blond-transloca¬ 
tion” (Bid) which represents a reciprocal translocation between the left 
end of the X chromosome and the right end of the second chromosome 
(Burkart and Stern 1932), When all chromosomes of an individual are 
balanced with respect to the translocation, normal sized Blond bristles arc 
produced. However, in females if one X chromosome lacks its extreme left 
end without being compensated for by the presence of the translocated 
piece on the second chromosome, then the individuals possess bristles of 
Minute, Blond character. Burkart had found that these Minute females 
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show mosaic spots, a fact which seemed to indicate that elimination of the 
deficient X chromosome occurred. 

The viability of Blond-Minutes is rather low and depends greatly on 
culture conditions. In half-pint milk bottles with one pair of parents their 
viability was found to average 30 per cent of their not-Minute sisters. 
Under Patterson’s culture conditions the Minutes apparently never ap¬ 
peared and this led him to assume a viability factor in the region covered 
by the deficiency (Patterson 1932). The absence of this factor was be¬ 
lieved to cause the death of the zygote. 

In a Blond male the left end of the X is translocated to the right end 
of one of the second chromosomes. Such a male forms two kinds of X 
carrying gametes: (i) deficiency X, translocation II; (2) deficiency X, nor¬ 
mal II. Mated to a normal female, two kinds of daughters are produced: 
(i) def./normal; transl. Il/normal II; (2) def./normal; normal Il/normal 
II. The females (i) are not-Minute, the females (2) are Minute. If elimina¬ 
tion of the deficient X chromosome is due to the deficiency itself then the per¬ 
centage of eliminations should be equal in both classes. Accordingly, Blond 
males were mated to females with morphologically normal chromosome 
constitution homozygous for singed-3. Elimination of the deficient chromo¬ 
some was deduced from the appearance of not-Blond, singed setae mainly 
on head or thorax. Out of 323 Blond-Minute females (2) 143 had one or 
more such mosaic spots making a total of 167 (to which should be added 
12 spots of somewhat different constitution cf. table 9). In 923 Blond not- 
Minute sisters (i) not a single spot was exhibited. This result proves that 
the deficient consitution of the Blond X chromosome itself is not the cause 
of eliminations, and suggests that eliminations of the X chromosome are 
due to the phenotypic “Minute reaction” (Schultz 1929), that is, to the 
same or part of the same physiological condition which results in the 
development of a short-bristled late hatching “Minute” fly. ■ 

One difficulty, however, remained. Why should the “physiological 
Minute condition” eliminate only the deficient X chromosome? That only 
the deficient X was affected and not its normal partner seemed to be indi¬ 
cated by an experiment in which the sn^ gene was located together with 
Bid in the deficient X, the other X containing white {w, I, i, 5) or other 
recessives. In 221 def. Bid sn^/w; normal Il/normal II Minute females, 
94 bristles containing spots on head and thorax were found, all not-Bld, 
not-s«®. They seemed to result from eliminations of the deficient chromo¬ 
some, while the absence of sn^ spots seemed to exclude the elimination of 
the not-deficient X chromosome. Was there such an interaction that the 
physiological Minute condition produced by an uncovered deficiency in 
the X would eliminate just this deficient chromosome which was quite 
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stable when its phenotypic effect was suppressed by the normal allele for 
that region translocated to the second chromosome? 

Autosomal Minutes and sex-linked spots 

When the ability of autosomal Minutes to produce “autosomal” mosaics 
had been discovered, the following cross was made in order to detect a 
possible influence of such Minutes on the appearance of sex-linked mosaics; 
sn^/sn^ 9 by -f-"",' A/y/+ cf (My, Minute-y, III, 40.4). While 1020 +*^Fi 
females had 3 single-bristle singed spots, 811 My P'l sisters exhibited 16 
spots (13 single-bristle, 3 larger ones, table 2a, first row). One of the spots 
in a -1-*' fly occurred on the abdomen and is not included in the table. 
This result showed (1) that mo.saic spots appear as rare occurrences even 
in not-Minute flies (Bridges in Morgan, Sturtevant, Bridges 1929, 
has encountered four such cases in his experiments) and (2) that an 
autosomal Minute increases the frequency of these occurrences, that is, 
is able to influence the fate of an X chromosome. 

Later work confirmed this finding and has led to the use of autosomal 
Minutes as tools in the study of sex-linked mosaics. 

Besides My three other autosomal Minutes have been tested for their 
effect on the X chromosome behavior, namely Mtc (Minute-w, III, 8o±), 
M 33 j tMinutc-33j, III, 40.4) and (Minute-) 3 , III, 85.4). Table 
2a shows the results of some tests. It should be pointed out that the con¬ 
stitution of the X chromosomes varied in these experiments, so that the 
frequencies of spots in different e.xperiments are not comparable. In some 
experiments only the head and thorax were inspected for spots. In all later 
tests the abdomen was inspected also. Due to the comparatively small 
size of the head and the low number of setae the number of head spots has 
been added to the number of thorax spots under one grouping. An inspec¬ 
tion of tables 2a, b shows, among other results: 

(1) The frequency of sex-linked spots in not-Minute flies varied from 
0.0 to 6.0 on the head-thorax region and from 4.6 to 20.0 per cent on the 
abdomen. The frequency in Minute flies varied from 0.0 to 22.3 in the 
head-thorax region and from 8.0 to 36.6 per cent on the abdomen. 

(2) A positive correlation is indicated between percentage frequency 
of head-thorax and abdominal spots: 


(a) In not-Minute flies 
experiment Mw(5) 

M /3 

M33ji3) Mjjjii) 

Mm'(4) 


frequency on head- 
thorax 0.0 

0.7 

0.8 

1.4 

4-5 

6.0 

frequency on abdo¬ 
men 15.0 

4.6 

8.2 

9.2 

II.7 

20.0 
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(b) In Minute flies 

experiment Mw{At) ^31/(2) 

frequency on head- 


thorax 0.0 3.1 

frequency on abdo¬ 

4.4 

5-7 

16.8 

CM 

CM 

men 27.1 8.0 

28.1 

33-4 

36.6 

15-9 


Two of the discrepancies in these series seem to be based on a special con¬ 
dition which hindered the appearance of all head-thorax spots. This ex¬ 
periment (l/ze(5)) therefore is not comparable with the rest. 

(3) The relative increase of spots in Minute as compared to not-Minute 
flies varies from 1.0 to 15.6 times in the head-thorax and from 1.7 to 4.1 
times in the abdominal region. 

(4) The average increase is distinctly lower in the abdominal region. 

(5) As far as the data are significant, no correlation seems to exist be¬ 
tween amount of increase of spots in the two different body regions: 

experiment Mw{i\) A/jj[/(2) 

increase on head-thorax 1.0 2.8 4.7 7.2 15.6 

increase on abdomen 2.4 1.8 1.7 4.1 1.7 

The data of tables 2a,b had shown the effect of autosomal Minutes on 
the frequencies of occurrence of sex-linked spots. Is there also an influence 

Table 2 a 

Frequency of sex 4 inked spots in Minute and not-Minute females 


H&AD-TBORAX SPOTS ABDOMINAl. SPOTS 


MINUTK USJOD 

AND NO. OK 

EXP. 

INDIVIDUALS 

INSPECTED 

4 - M 

+ 

NO. 

M 

% 

-f- 

M 

% 

Af. 4 - 

NO. 

M 

% 

Af 

% 

M.-f- 

My] 

1020 

811 

2 

16 

. 2 

2.0 

10.5 

_ 


_ 


_ 

Mw (i)t 

964 

813 

8 

23 

.8 

2.8 

34 

— 


— 

— 


(2)t 

377 

284 

7 

17 

1.9 

6.0 

3-2 




- 

— 

( 3 )t 


119 

3 

20 

2.0 

16.8 

8-5 

— 

— - 

— 

— 

— 

(4) 

154 

114 

7 

5 

4.5 

4.4 

I .0 

18 

32 

11.7 

28.1 

2.4 

(S)t 

432 

247 

0 

0 

0 

0 


65 

67 

15-0 

27.1 

1.8 

M 33 j (i) 

135 

^31 

8 

22 

6.0 

16.8 

2.8 

27 

48 

20.0 

36.6 

1.8 

(2) 

34 Q 

251 

5 

S6 

1.4 

22.3 

15.6 

32 

40 

9.2 

iS -9 

1-7 

(3)* 

377 

296 

3 

17 

.8 

5-7 

7.2 

31 

99 

8.2 

33-4 

41 


307 

227 

2 

7 

•7 

31 

4-7 

14 

18 

4.6 

8.0 

1-7 


t Abdomen not inspected, 
t No head-thorax spots present. 
* No head spots present. 


on time of occurrence in development of the process which leads to appear¬ 
ance of a mosaic spot? The earlier this time is, the larger the spot should 
be. Accordingly, in table 3 the spots are divided into three groups, those 
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Table 2b 

Proportion of number of head-thorax':abdominal spots in and M females. 


NTIMBBR or HBAD-THOKAX AND ABDOMINAL SPOTS 


exp. 

'i- 

M 

MlV 

7- 18 

5 " 32 

M 33 j (i) 

8- 27 

22- 48 

(2) 

5 - 32 

56- 40 

(3) 

31 

17- 99 

Mti 

2- 14 

7- 18 

Total 

25-116 

107-237 


X*’ about 10. P< OT. 

comprising only one seta, only two setae, and more than two setae. This 
last class includes all spots from those involving three setae up to those 
occasional spots which include all setae of the imaginal disc concerned. 
The data are comparatively meager, but the following generalizations 
seem to be warranted: 

(i) Most experiments agree in the relative frequencies of small and 
larger spots in that the one seta spots form the majority both on the 
head-thorax and on the abdominal region. (2) Some striking exceptions 
to this occur, notably the head-thorax spots in Minute flics of Mw(2) and 
(3) and the abdominal spots in both not-Minute and Minute flies of 
M3 j/(i). Here the frequencies of spots larger than one seta is higher than 
that of one seta spots: 14:3; 16:4; 20:7; 36:22. (3) The proportion of 

'Fable 3 

Frequency of sex-linked spots of different sizes in the experiments 
described in Table 2a. 


HKAD-THORAX ABDOMEN 


NO. or SPOTS SIZE or spots no. or spots hue or spots 




M 





M 




, 




M 


I 


>2 

I 

2 

>2 

2 

>2 

1 

2 

>2 

My 

2 

16 

2 



13 

I 

2 



-- 

__ 

__ 



— 

Afw (0 

8 

23 

S 

-- 

3 

16 

2 

S 

— 

-- 

— 

— 

— 

— 

— 

— 

(2) 

7 

»7 

3 

2 

2 

3 

3 

11 

— 

-- 

— 

— 

— 


— 

— 

(3) 

3 

20 

3 

-- 

- 

4 

3 

13 


— 

— 


— 

— 

— 

— 

(4) 

7 


5 

-- 

2 

4 

— 

1 

18 

32 

17 

— 

I 

13 

10 

9 

(s) 

0 

0 

0 

0 

0 

0 

0 

0 

65 

67 

41 

17 

7 

42 

n 

14 

M33j (i) 

8 

22 

() 

I 

1 

13 

4 

5 

27 

48 

7 

6 

*4 

22 

II 

25 

(2) 

S 

56 

S 

- 


42 

4 

10 

32 

40 

17 

4 

11 

25 

6 

9 

(3) 

3 

17 

3 

-- 


16 


I 

31 

99 

19 

6 

() 

(>o 

17 

22 

M0 

2 

7 

2 

— 


2 


5 

14 

18 

9 

2 

3 

9 

2 

7 
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single seta spots is lower in the abdomen than in the head-thorax region. 
(4) In most experiments no striking influence of the Minute on the time 
of occurrence of the spot-producing process can be found. 

The ontogenetic meaning of some of these findings will be dealt with 
later. 

The specificity of the effects of sex-linked and 
autosomal Minutes 

In view of the effect of autosomal Minutes on the X chromosome it 
seemed desirable to test for a possible influence of an X chromosome 
Minute on the behavior of autosomes. The Blond Minute is known to be 
one of the most potent factors for the production of sex-linked spots and 
accordingly was chosen for the test in regard to autosomal spots. Females 
of the constitution h st cu sr e^ ca (located over most of the length of 
chromosome III) were mated to Blond males and their Minute daughters 
were inspected for a condition mosaic for /;, sty sr, o'* or ca. Although the 
413 Fi females exhibited on head and thorax 94 mosaic conditions for 
Blond, none was found to possess an autosomal spot. This shows that the 
influence of Blond-Minute on the production of autosomal mosaics must 
be very slight, if it exists at all. 

This fact is significant. For if one makes a general ‘^physiological Minute 
condition” responsible for the occurrences of spot-producing processes one 
might expect to find a corresponding seriation of different Minutes in 
respect to their potencies to produce both sex-linked and autosomal 
spots. However, a seriation in respeqt to frequency of sex-linked mosaics 
would show roughly: 

Blond-Minute > il/w Mw, My 

while the same Minutes {Mn excluded) with respect to frequency of 
autosomal mosaics probably would have to be arranged as: 

Mw, My>Mjjj, Blond-Minute 

The two seriations are given after an analysis of the data presented in 
different tables of this paper. Too great reliance cannot be attributed to 
details of these arrangements, as the experiments were carried out over a 
period of years and under different genetic and environmental conditions. 
Therefore no special table has been made up from these data, as the 
quantitative results might indicate a higher degree of accuracy than they 
really represent. However, there seems no doubt as to the validity of the 
main result, namely that the effect of Minutes on the frequencies of sex- 
linked and of autosomal spots varies independently so that one Minute 
factor may affect strongly the number of sex-linked but only slightly the 
number of autosomal spots and vice versa. 
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An even more striking correlation between certain autosomal Minutes 
and areas mosaic for definite regions of the same autosome will be pre¬ 
sented in the chapter on “Autosomal spots. 


THE MEC HANISM OF MOSAIC FORMATION 

Various hypotheses 

In the foregoing pages the effect of Minutes on the process of mosaic 
formation was discussed in general terms. The following part will contain 
an analysis of the process itself. 

Bridges’ work with females carrying Mn in one X and recessive genes 
in the other seemed to have established (i) that the cells of a spot do not 








Ek.vrk I a-c. Three possibilities to account for elimination of an X chromosome. 


contain the Mn chromosome and (2) that these cells are male in constitu¬ 
tion, containing only one X with the recessive genes. Three main possi¬ 
bilities suggested themselves as mechanisms for the elimination of the Mn 
chromosome from the cells of the spot: (a) during a somatic division the 
Mn X chromosome does not divide and consequently passes into one 
daughter nucleus, leaving the other one in possession of only a division 
product of the not-M« X chromosome; (b) the Mn X chromosome divides 
into two halves, but only one half passes into one of the daughter nuclei. 
The other half lags behind, is not included into a daughter nucleus, and 
degenerates in the cytoplasm; (c) the Mn X chromosome divides into two 
halves. These halves do not disjoin but pass together into one daughter 
nucleus. 

The constitution of the daughter nuclei according to the three hypothe¬ 
ses is pictured in figure i. No way of distinguishing between the mecha¬ 
nisms (a) and (b) was found, but a test between (a) and (b) on one side 
and (c) on the other seemed possible. The sister cell of the “elimination 
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cell” in (a) and (b) would be of the same constitution as the original consti¬ 
tution of the fly, while in (c) it would have a different constitution, being 
triplo-X. By using suitable gene markers such a condition as (c) could be 
demonstrated if it occurred. Accordingly females were bred which had 
white in their Mn chromosome and cherry {«''*) in the other X chromo¬ 
some. The eye color in such females is a light cherry. Their eyes were 
searched for spots of normal, dark cherry color, indicating the elimination 
of the w Mn chromosome. When such spots were found it was determined 
whether their surroundings in the eye were of the w/w'' coloration as ex¬ 
pected according to (a) and (b) or whether they contained a very light 
cherry spot, indicating the w/w/w'''’ constitution expected according to (c). 
On 1702 w females which were inspected 20 eye spots were found. 

They all were cherry colored and unaccompanied by a twin spot of le/ie/w''' 
coloration or of the irregular facet arrangement characteristic for 3X-f-2A 
v/eyes. Sixteen of these spots covered an area of at least 3 or 4 but not more 
than about 50 facets; 4 spots included more than 150 and less than 300 
facets. These facet numbers have not been determined accurately but have 
been estimated from sketches. The total number of facets in one eye is 
between 700 and 800 in females. Similarly, in 168 w'''Mnlw females, two 
white eye spots were observed not accompanied by a twin spot of the 
darker colored triplo-X constitution The.se results rule 

against the hypothesis (c) provided that cells with two Mn factors and one 
normal allele are viable and can give rise to cell patches large enough to 
be recognized as mosaic spots. Nothing was known originally about this 
point. 

Somatic segregation 
y/sn^ flies; preliminary discussion 

The solution was brought about by chance. When it had been found 
that the “Minute condition” caused by an “uncovered” Blond-deficiency 
was necessary for the elimination of the deficiency X chromosome, an ex¬ 
periment was made in order to determine whether a deficiency which in 
itself does not produce a Minute effect would, together with an independ¬ 
ent Minute factor, bring about the elimination of the deficient chromo¬ 
some. The deficiency chosen was the well known Notch-8 (N*) in the X 
chromosome and the Minute was the autosomal Mw. The following cross 
was made: N^/y Hw dl-49 9 by Mwf+d', and the frequencies of 
head-thorax spots in N* and not-N* sister females were compared (table 4). 
The presence pf Hw and of the dl-49 inversion is irrelev^. From 280 N* 
/sn*;+" OT Mw females 9 mosaic spots were obtained'roile 381 control 
y Bw/dl-4g/sn^;-^*^ or Mw females yielded 15 spots. Thus the frequency 
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of spots in was 3.6 per cent, in controls 3.9 per cent. There was no 
interaction of the Notch deficiency with the autosomal Minute-w. 

The nine spots in the N^/sn^ flies were recognized by singed setae oc¬ 
curring presumably as a consequence of elimination of the chromosome. 
In cases where the sn^ containing X chromosome would have been elimi¬ 
nated, no visible spot would have been produced, for the chromosome 
contained no recessive genetic marker which would have expressed itself 
in a spot (provided that a cell containing only the Notch-deficient X 
chromosome is able to reproduce sufficiently to give rise to a large enough 
cell-patch). 

I'Auri: 4 

jVVy dl-4Q by Head and thorax spots only. 

N* 


At M’ 4 “ ^ Af w 

T 1 

502 
2 0 

Total spots 4 5 3 12 


The situation was different in the y IIw dl-4Q/s«® control flies. If there 
was no preference which of the two X chromosomes would be eliminated, 
then two different types of spots might be expected to occur in about equal 
numbers: (i) y spots in case of elimination of the sn^ X chromosome and 

(2) spots in case of elimination of the y Hw dl-49 ^ chromosome. The 
15 spots found consisted of (i) two y spots and (2) two stf spots while 

(3) the remaining ii spots showed an unexpected structure: they were 
twin-spots formed by a yellow not-singed area adjacent to a singed not-yellow 
area. 

'J'he obvious explanation is that, during a somatic division of one of the 
cells of these ii y Hw dl-4Q/iw^ females, a segregation had taken place 
whereby one daughter cell obtained the yellow gene carried originally by 
one of the X chromosomes while the other cell obtained the singed gene 
carried originally by the other X. A process similar to gametic segregation 
of genes lying in opposite members of a pair of chromosomes had occurred 
in a somatic cell. The further division and normal somatic differentiation 
of the two daughter cells finally gave rise to mosaic twin areas. 

These findings of somatic segregation suggested that the so-called 
chromosome elimination in certain cells leading to the appearance of 
mosaic spots was in all or most cases the consequence of somatic segrega- 


+" 

V spots 

sn^ spots 4 
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tion. This theory is substantiated by three facts, (i) Further experiments 
demonstrated the general occurrence of twin spots in flies of suitable con¬ 
stitutions. (2) In appropriate experiments it could be shown that nearly 
all mosaic spots exhibit the results of somatic crossing over. This makes 
simple elimination hypotheses improbable. (3) The theory solves the diffi¬ 
culties encountered by the assumption that the sex-linked Minutes elim¬ 
inate only their own chromosomes. 

We shall first discuss point (3). The more important statements (i) and 
(2) will be dealt with in later sections. 

Minute-n and Blond-Minute “elimination” 
as somatic segregation 

Somatic segregation of the X chromosomes in a female carrying Mn in 
one X and a recessive gene in the other will lead to two daughter cells, one 
containing only Mn^ the other only the recessive. Mn is knowm to be lethal 
to a male or a homozygous Mn female zygote. If we assume Mn in such a 
condition to be lethal to a somatic cell also we shall expect the one daughter 
cell to die while the other one, containing only the recessive, will give rise 
to the observed spot. (It might be argued that a cell containing only Mn 
is viable but phenotypically not different from the non-segregated sur¬ 
rounding tissue. This, however, is excluded by having a recessive gene to¬ 
gether with Mn in the one X chromosome but not in the other X. Segrega¬ 
tion without lethal effect of the Mn segregation product should exhibit 
Mn spots which also show the recessive gene effect. In the experiments 
discussed on p. 635 the Mn chromosome contained a white or cherry gene, 
but no spots showing the respective eye colors were found. Other experi¬ 
ments of similar nature are described in later sections of this paper.) 

Somatic segregation can account also for the single spots in “Bid- 
Minute” flies. In heterozygous Bid-Minute females it will lead to a “not 
Bid-Minute” and a “Bid-Minute” cell. The former will give rise to a spot 
with not “Bid-Minute” phenotype while the latter is expected to die, that 
is, if one assumes a cell not to be viable in case it contains a completely 
uncovered X chromosome deficiency. Male zygotes containing the un¬ 
covered Bid-deficiency X chromosome or female zygotes homozygous for 
such a condition are known to be not viable. 

The reader might be inclined to strengthen these arguments by pointing 
to Demerec’s studies (1934) on cell lethals. This, however, would not be 
justified as Demerec^s interpretation is based on the acceptance of the 
theory of somatic segregation and therefore cannot be used to prove this 
theory. 

The influence of a Minute condition on the occurrence of mosaic spots 
thus consists in an increase of the tendency to somatic segregation. The 
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question asked at the close of the chapter on mosaic spots in Bid-Minute 
flies can now be answered. ^^Is there an interaction of such a kind that Hhe 
physiological Minute condition’ produced by an uncovered deficiency in 
the X chromosome would eliminate just this deficient chromosome?” The 
answer is this: elimination is not restricted to one X chromosome, but 
somatic segregation of the two X chromosomes leads to the appearance of 
spots which possess the non-deficient chromosome only. 

Further analysis of somatic segregation in ylm^ flies 
In order to justify the assumption of somatic segregation as a general 
cause of the occurrence of mosaic spots we have here to deal with those 
cases of table 4 which did not show a twin condition although such a con¬ 
dition might have been expected, for whenever a cell contains in each of 
its two X chromosomes one or more recessive, heterozygous genes capable 
of producing their phenotypes in small surface spots, the simple process of 
segregation will yield two neighboring cells pure for the genes of their 
respective segregated chromosomes. Why then did only 11 out of 15 cases 
show the twin spot condition? The following considerations have to enter 
into an answer to this question, (a) Even under the assumption that 
somatic segregation always leads to two sister cells which are both pure 
for originally heterozygous recessive genes, the appearance of the mosaic 
region will depend on the time of the segregation process in ontogeny. 
With a very late occurrence in development only two small twin areas 
could be produced, each consisting of only one cell if segregation took 
place during the very last division of the cells of the imaginal disc. In such 
cases it will frequently happen that one of the segregation products will 
form a seta and thus be recognized by its singed shape or yellow color, 
while the other segregation product will not happen to build up such a 
part of the hypodermis as will give rise to a seta and thus wdll not be 
recognizable. In other words, small twin spots will be liable to be recog¬ 
nized only in one of the segregation products. In large spots the prob¬ 
ability is correspondingly higher that the areas formed by both segregation 
products will contain setae. They should therefore show the twin con¬ 
dition. (b) Even in larger spots a twin condition will be found lacking in 
case the cell descendants of one of the segregation products happen to 
become located in a region bare of setae, as for instance most of the 
scutellum, large areas on the head, the sternopleurac, the regions laterally 
from the posterior dorsocentrals. Twinning will be absent also in cases 
where the survival or reproductive ability of one of the daughter cells of 
the segregating division has been impaired, be it by chance, by normal 
developmental determination, or by lower genetic viability. To sum up 
the preliminary discussion: Small spots are expected to be often "singles,” 
not twins; large spots in the majority of cases should be twins. 
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Tables 5 and 6 contain data pertinent to this question. Four different 
but fundamentally similar groups of experiments are summarized. In ex¬ 
periment I the females were of the constitution y Hw with or 

without Mw. They include, together with others, the flies discussed at the 
beginning of the present chapter. It is seen (table 5) that 23 out of 38 


Table 5 

Kinds and sizes of spots in experiments involving primarily y and sn^ 
when located in opposite chromosomes. 


EXI‘. CONSTITUTION 

INMVID. 

SPOTS 


y SPOTS 


1 

SPOTS 

TWIN SPOTS 

1 

NO. OP SKTAK 

2 

>:> 

NO. OK SKI AK 

2 >2 

NO. OK SKTAK 

2 >2 

(i) y Hw dl-49/,y//® 

551 

38 t 

2 

-- 

2 

8 

1 2 

4 19 

(2) y w (or uf)/sn^ 

37b 

2I2t 

40 

9 

12 

h 2 

12 10 

7 60 

is) y g^hh/snH)h^ (a) 

635 

6t 



1 

5 


— 

(b) 

b 3 S 

1.37* 

22 

8 

6 

60 

14 () 

9 29 

(4) y hi cv ctP V 









g^ hh^/snH)lF (a) 

214 

i 9 t 

I 

- 


5 

4 « 

I 

(b) 

214 

73 * 

16 

4 

I 

12 

7 15 

15 




81 

21 

22 

152 

S^ 44 

23 124 

Totals 

1776 

S05 


124 



234 

147 


t Head and thorax spots only 
t Head, thorax and abdominal spots 
* Abdominal spots only. 


spots were twins and that lo out of the 15 single spots were so small as to 
include only one seta, which obviously makes it impossible for them to 
show a twin condition. Of the 28 spots covering two or more setae the 
great majority, namely 23, were twins. Experiment i then corresponds 
closely to our expectation. In experiment 2 the constitution of the flies 
was y w/sn^ or y w‘/sn^ (w and w‘ will be disregarded here). In addition, 
all individuals contained M^jj. There were 67 twin spots out of a total of 
212, and 102 out of the 145 not-twin spots were single seta spots. Of the 
no spots covering two or more setae 67 exhibited the twin condition, and 
43 did not. But 21 of these 43 were so small as to include only two setae, 
thus still making it probable that the supposed twin area did not happen 
to cover a setae-forming region. Although the results in experiment 2 did 
not come as near to expectation as in i the agreement can be regarded as 
sufficient. The results will be further discussed after a description of ex¬ 
periments 3 and 4. In these a high frequency of spotting was induced by 
making the flies homozygous for recessive, mutant alleles of bobbed. In 
3 one allele was the standard bb, the other one either the same or a very 
similar one; in 4 one was the lethal allele bb^ the other was as in 3. Bobbed 
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can be called a recessive Minute gene, so that the flies in these experiments 
were under the influence of a “physiological Minute condition,” which 
caused the high spotting frequency. Again the presence of other genes 
besides y and sri^ will be disregarded at this point. In 3 only 38 out of 163 
spots were twins, but a consideration of the different sizes of spots again 
shows that 87 out of the 125 single spots were so small as to include only 
one seta. Of the remaining 38 single spots, 22 were so small as to include 
only two setae, but of the 76 spots covering two or more setae, there were 
38 twin spots. P^xperiment 3 then, although showing a general agreement 
with cxf)ectation seems to deviate more from it than the two experiments 
I and 2. Before discussing this we shall consider experiment 4. Here 19 
out of 92 spots were twins, and 34 out of the 73 single spots included only 
one seta. Of the remaining 39 single spots, 15 were so small as to include 
only two setae. Out of the total of 58 spots covering two or more setae, 19 
exhibited the twin condition. As in experiment 3 these results seem to be in 
general, but not very close, agreement with the theory of simple somatic 
segregation as the cause of spotting. 

Tvblf. 6 


Further data on 

the ^tze of •ipots in experiment', i- 

4 of table 5 



(1) 

(2) 

(.5) 

(4) 

'Potal y setae in single spots 

137 

182 

69 

26 

I'otal setae in single spots 


145 

121 

183 

Total y setae in twins 

I 2 I 

230 

64 

27 

^Potal setae in twins 

80 

208 

86 

45 

.Average y setae in twins 

5 3 

3-4 

1 7 

1.4 

Average setae in twins 

3-5 

3 I 

2 3 

2.4 

Average (v+aw®) setae in twins 

8.8 

5 

4.0 

3.8 


Table 6 summarizes certain facts which help to explain the apparent 
discrepancies. The last horizontal line shows that the average size of the 
twin spots in experiment i was more than double that of the twin spots in 
3 and 4 while it was intermediate in 2, and that in 3 and 4 the average size 
of one of the twin areas was only of the order of magnitude of tw'O setae. 
It follows that there was a considerably higher chance for the small twin 
areas in 3 and 4 to appear phenotypically only as single spots than there 
was for the large areas in i and 2. Part of the deviations from our expecta¬ 
tion are further cleared up by the following considerations. If single spots 
are really parts of twin areas in which only one area had the opportunity 
to exhibit its phenotype, then if chance alone determined which of the two 
areas covered a seta-forming region one should expect an equal frequency 
of s«* and of y single spots. An inspection of table 5, however, shows that, 
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at least in 3 and 4, there is no i; i ratio of the two types of spots. In differ¬ 
ent form this can be seen from the first two lines of table 6 where the total 

Table 7 

List of all 124 twin spots >2 from table 5 with number of y aftd sn^ setae affected. Each horizontal 
line is the record of one hind of spot The numbers in parentheses indicate the frequency 
with which this type of spot was represented. No number in parentheses was 
given when there was only one spot of its kind. 
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— I 


4 

5 
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3 
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7 
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I 

3 
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7 
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3 

3 
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3 

7 
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4 
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1 

10 
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24 

3 
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1 1 

14 
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5 

4 
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I 

15 
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3 

5 

5 

5 
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4. j 
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I 
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I 
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4 
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50 

I 
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3 

4 
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I 

2 
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4 

4 

0 

(4) 

2 

2 
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5 

- 4 
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3 

2 
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~ 3 


5 
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3 
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2 

3 

3 
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I 
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3 
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. (2) 
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3 
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2 

2 

0 

(2) 
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(3) I 

3 
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I 

4 

- 3 


3 

3 
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2 

4 
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I 

4 

3 

(3) 

3 

4 

— I 


2 

5 

3 






I 

6 

- 5 


number of y and sn^ setae has been noted. It is evident that the y setae are 
in the minority in 3 and 4, while there is a deficiency of setae in i and 
especially in 2. Possible causes for these new discrepancies can be learned 
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from the second part of table 6. Here the frequencies of and y setae are 
listed for all twin spots, that is, for all cases in which there is no doubt as 
to the occurrence of somatic segregation. The relative frequencies of the 
two types of setae in twin spots vary in the same direction as the total 
frequencies in single spots. Obviously, in these experiments, the chances 
for survival and reproduction of the two daughter cells from a segregating 
division were not equal. The vitality of y cells was lower than that of 
cells in 3 and 4 but higher in i and 2. The greater the inequality in survival 
value, the higher the proportion of spots even of larger sizes which should 
appear only as single spots, the twin area having died or been kept small. 
This is roughly borne out by the data. What the causes of lowered via¬ 
bility were in these experiments cannot be determined accurately now. 
The presence of different alleles of bobbed in the two X chromosomes of 4 
and possibly 3 has nothing to do with it, as wdll be shown later. However, 
it is suggestive that the cells in 4 which arc pure for y are also pure for hi, 
d®, cv, V, and As it is known that this multiple mutant condition con¬ 
siderably low'ers the viability of a whole individual, the assumption seems 
justified that a similar effect may be found also in mosaic parts. 

Table 7 has been added to give a more complete representation of all 
twin spots with more than 2 setae w'hich occurred in these experiments. 
It is interesting that such great inequalities of the two twin areas were 
observed as the case in which y area covers 50; sw' area covers i; or y area 
has 24 setae and area 3; or y area i and sn^ area 15 seta. 

Some of these very unequal twin spots might possibly be regarded as 
two single spots of independent origin, lying next to each other, but this 
must be very exceptional. The frequency of spots in most experiments is 
low enough as to make rare the occurrence of more than one spot on an 
individual, although the incidence of flies with two or more spots is higher 
than according to chance (Bridges in Morgan, Sturtevant and Bridges 
1929; also numerous data of the author). If several spots occur on one fly 
they have no tendency to be neighbors. 

Summing up, it seems clear that somatic segregation does not only 
account for the occurrence of twin spots but also for that of single spots. 
But while the evidence in the cases of twin spots is direct, in the cases of 
single spots it is of such a nature as to leave open the possibility that not 
all single spots can be regarded as vestigial twin spots whose region did 
not happen to affect a seta. A numerical treatment of the data which 
theoretically should be able to give a final decision is not feasible on 
account of the many variable factors involved. The next section, however, 
will show that a certain proportion of single spots arc to be expected which 
have never been partners of an original phenotypic twin group. 
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Somatic segregation and crossing over 
P^xperiments involving y sn^/ + flics 

In the experiments summarized in table 5, y and sn^ were in opposite 
chromosomes. When both mutants were in the same chromosome, some 
new results w^ere obtained (table 8): Three kinds of spots appeared with 
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Spot'i in flies of the basic constitution y sn^/ f. 
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(i) 

y sn^bb/ctir bb 

83 

34 

10 

4 

6 

3 

3 

5 

2 
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diflercnt frequencies, namely 110 y sn^, 43 y and 7 S 7 r^ spots. 'Fhe finding 
of y sn^ spots was expected, for segregation in y 5 wV + females (disregard¬ 
ing the presence of bb and car) should give rise to y sn^ and + cells, which 
would be visible as y sn^ spots. The occurrence of y and of sn^ spots needs 
an additional interpretation. Somatic crossing over between y and S 7 i^ 
would separate these two genes from each other and thus afford an ex¬ 
planation. If the crossover process occurred during a two strand stage, the 
resulting strands would be and and if segregation ensued a y 

and a sn^ twin spot would be produced. No twin spots were found, making 
the two strand crossing over assumption invalid. If, however, somatic 
crossing over occurred at a four strand stage between two of the four 
strands, and segregation two strands by two strands followed, then the 
facts can be explained (fig. 2). It is seen that following single crossing over, 
different types of chromatid segregation, namely x and y, give rise to 
either y or $n^ single spots. (Throughout this paper the term ‘‘chromatid” 
is used in reference to the strands which constitute a multivalent chromo¬ 
some group during prophase and metaphase, as well as in reference to 
those chromosomes of anaphase and telophase which originated from a 
multivalent.) 

If crossing over occurs at the four strand stage the subsequent segrega¬ 
tion process will be expected to lead to either one of two results, (i) A sep¬ 
aration of the four chromatids into two daughter cells will occur, followed 
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Fkjukk 2. Crossing over between y and at a four strand stage a. Non-crossover 

chromatids b Two crossover and two non-crossover chromatids c-e Three different types of 
chromatid segregation 

later by normal mitosis or (2) the initiated segregation will bring about a 
true reduction of chromatids leading to a second segregating division with 
resulting cells containing only single X chromatids. In females of the con¬ 
stitution y ' + + , such a reduction process, after crossing over between 
two of four strands, should lead to four cells with the genes y sfi\ 3/+*", 
and + + . 'I'he areas resulting from later cell-divisions of the segre¬ 
gation products would exhibit the phenotypes y y, and sn^. The visible 
result would be a triple spot. Not a single spot of this nature was observed; 
the hypothesis of a complete somatic reduction process is thus refuted. 

VVe can test the assumption of somatic crossing over at a four strand 
stage by applying it to the earlier experiments in which the constitution 
of the flies was y/sfi^. Single crossing over between y and sn'^ at a two 
strand stage would yield y sn^ and ++ strands; segregation would result 
in y spots. No such spots have been found (table 5). Crossing over at 
a four strand stage, however, would, according to different types of chro¬ 
matid segregation, produce y *or sn^ single spots (fig. 3). Such spots did 
occur and while many of them could be regarded as vestiges of potential 
twin spots, it is possible to assume a certain number of them to have been 
products of crossing over between y and sn^ in the manner suggested. 

Again it is obvious that no reduction of chromatids occurred which 
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Fioure 3. y/sn^. Crossing over between y and at a four strand stage. 
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would have resulted in triple spots v, sn^y and y sn^. No triple spots were 
found and the phenotype y sn^ did not occur even in single spots. 

If one characterizes the two types of chromatid segregation x and y by 
the constitution of the right chromatid ends, then x-segregation would be 




y 






+ li sa’ 


strands 

inveawed 


IQ 






■ 



y t _ 


D 

4- 

2 






+ + 

4 - 

+ 

4- 













Stl* 

4 - 

4- 

3 






♦ + 

+ 

4- 

y 


It . : . 1=30 










+ + 

51^ 

4- 

y 






J 

1 






4- 

4- 

4 - 

■ 





■ 

f f 

srf 

4“ 

4 - 






D 







4- 

y 

4- 

■ 






strands 

involved 




B 


y 


■ 





B 

4- 

2 



■ 





B 

4- 




B 





■ 





B 

4- 

3 



B 





B 

y 




B 



w 


■ 

■ 




B 


3 



B 



y sa’ 


B 





B 


■ 

4- 4 - 


B 

B 

■ 

4 - sn* 

4- 

B 

B 






D 



B 

B 


y sn* 

5fl’ 

B 

B 

IH 

♦■..t UDO 


B 

B 


Figures 4 (left) and 5 (right), y and y/sn^. The four different t>T)es of double cross¬ 

overs, involving 2, 3, and 4 chromatids and the results of the three different types of segregation. 


equational and y-segregation reductional. As the right end of the X chro¬ 
mosome is known to contain the fibre attachment point, processes z and 
z would result from separation of sister attachment points while y would 
occur only when sister points stay together. It is possible to account for 
all observed spots with the assumption of equational segregation for the 
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right end, if one considers the possibility of occurrence of somatic double 
crossovers simultaneously to the left and to the right of sri^ (figs. 4,5). Four 
different kinds of double crossover processes within the four strand 
“tetrad’^ are possible, involving two, three, and all four strands. After 
single crossing over x-segregation results in y single spots in flies of both 
constitutions y and y+/+5«*\ after double crossing over it re¬ 

sults in sn^ spots. If y segregation occurs, it gives rise to y spots in one- 
half of all cases; similarly z segregation produces visible y spots in two 
ou^f the four cases. 

^^hilc a decision between the hypotheses of single crossing over and 
different kinds of segregation or single and double crossing over and cqua- 



FidruT'S 6 (left) and 7 (right) y -f and v Results of crossing over to the right of i/r®. 


tional X- and z-segregation only cannot be derived from the present data, 
the second hypothesis seems to be in better agreement with the known 
facts in regard to the separation of daughter chromosomes in mitosis . We 
shall return to this question in the next chapter. 

What is the frequency of the different crossover types in the y 5«V+ 
experiments? We shall regard (and shall justify this hypothesis later) the 
y sn^ spots as due to single crossing over between sn^ and the right end of 
the X chromosome (fig. 6; sec also fig. 7 for the y/sn^ flies). The sn^ spots 
are considered to be due to double crossing over. In determining the fre¬ 
quency of crossing over we cannot follow the usual procedure in germinal 
crossing over and base the calculation on the total of observed non¬ 
crossovers and crossovers, since the absence of crossing over in the great 
majority of somatic cells makes the number of non-crossovers rather 
meaningless. However, we can determine the relative frequencies of ob¬ 
served crossovers to the right and to the left of sn^ and the frequency of 
double crossovers.^ 9 ne frequencies of y y, and sn^ spots were no, 43, 
and 7. As was shown earlier, some y spots have to be regarded as products 
of 2-segregation after double crossing over. As they constitute one-third 
of all visible double crossover products, their number is taken as 3.5. After 
subtracting this number from the total number of y spots, we find the pro¬ 
portion of spots produced after crossing over to the right of sn^ (y sn^ spots) 
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to spots from crossing over to the left of sn^ (y spots) to be 110:39.5. Only 
the x-type of segregation in single crossing over yields visible spots, while 
the equally frequent z-type remains undetected. In double crossing over 
both X- and z-segregations result in visible spots, a total of 75 per cent of 
all cases. In order to have comparable figures we have to insert two-thirds 
of the number of visible double crossover spots, namely (7+3*5) •1 = 7- 
Thus the proportion, single crossovers to the right of : singles to the 
leftidoubles is 110:39.5:7. Comparing these values with the correspond¬ 
ing frequencies in meiosis, we find for the single crossovers 36:20.5. 
(Morgan, Bridges, and Sturtevant 1925, modified; no satisfactory 
data arc available for the double crossovers.) In mitosis there seems to 
occur a higher proportion of all crossovers to the right of than in 
meiosis. Even this frequency of somatic crossovers to the left of sn^ was 
unusually high, as further experiments show. 

Experiments involving Blond 

In table 9 experiments arc summarized in which somatic crossing over 
in females heterozygous for Blond, and either sn^ or a forked (/, 56.7) 

I'able 9 

Spots in Blond-Minute flies heterozygous for sn^.fy or 
mainly head-thorax spots except in exp, {2) 

TYPK OF 81’OT* 


EXP, CONST. SPO'IS 






-j_ Bid ffi 

(0 

Bid -f 

+ iw’ 

179 

9 (+ 3 t) 

167 

(*) 

Bid + 

+ /' 

178 

8 

168 

(3) 

Bid sn^ 

+ -f- 

91 

91 

— 

(4) 

Bld / 

4 * + 

15 

IS 



* m stands for either sn* or/; for “not Bid-Minute,” i.e., long setae; signifies a twin 

spot condition (-h4*+ next to +/*-f). 

t The three spots had setae of still smaller length than Bid-Minute. 

allele was studied. The flics had two normal chromosomes II and were 
therefore of Minute t)rpe on account of the Blond deficiency in the X 
chromosome. In experiment (i) 167 out of 179 spots can be explained as 






SOMATIC CROSSING 0 \’KK 649 

products of crossing over to the right of sit^^ for if such crossing over occurs, 
normal equational disjunction of daughter fibre points will produce two 
sister cells of the constitution Bld+/Bld+ and The former 

is assumed not to be able to give rise to a viable patch of cells, the latter 
multiplies to i)roduce a sn^ spot with normal sized setae. As can be 
readily seen from constructing a diagram for this case similar to our figure 
7 for a previously discussed experiment, the other two mathematically 
possible types of disjunctions y and z, do not give rise to visibly new con¬ 
stitutions. However, crossing over to the left of sn^ and subsequent dis¬ 
junction of sister attachment points (fig. 3) can lead to sister cells Bld+ 
/Bld and ++/+ srv^ the latter of which result in normal sized, not- 
Bld, not-.vw^ bristles. Nine such spots were found. Non-disjunctional segre¬ 
gation y of the fibre points w^ould produce Bid sn^/+sn'^ bristles. No such 
case was found. Double crossovers which after normal disjunction of the 
fibre points (similar to figure 5) also would yield Bid spots be¬ 

sides half as many wild type spots were also absent. (There were three 
spots with not-Bld, not-.9;i^, but shorter than Bid-Minute bristles. Their 
nature is not clear.) 

In summing up experiment i, we find the great majority of spots 167 
out of 179, to be due to crossing over to the right and only 9 due to crossing 
over to the left of This is a much lower proportion of left crossovers 
than in germinal crossing over and also considerably lower than in the 
experiment with y sn^. That no case of double crossing over was en¬ 
countered agrees with the rarity of left crossovers. A nearly identical re¬ 
sult was obtained in experiment 2 which was of a similar nature as i except 
for the use of p instead of sn^. In spite of /*' being 35.7 map units farther 
away from the left end than stv^ the proportion of left to right crossovers 
was still 8:168, disregarding the two twin spots in the last column. Again 
no double crossover types occurred. (One of the two twin spots covered 
the whole left mesothorax except the scutellum with a division line pos¬ 
teriorly from the anterior notopleural, presutural and anterior dorso- 
central bristles which separated the anterior part from the posterior 
p part; the other not quite decisive spot was formed by a left ant. 
postalar andant. scutellar bristle. These spots can formally be explained 
by two crossover processes, first one to the left of /^, resulting in a -f/p 
cell, and a second one occurring in this cell or one of its near descendants 
and segregating +/+ and p/p^ twins.) 

Summing up experiments i and 2, it is seen that the relative frequency 
of left crossovers is very low. Especially interesting in view of the occur¬ 
rence of 17 cases of left crossovers with normal disjunction of the fibre 
points is the comp ete absence of left crossover cases with non-disjunction 
of the fibre points. As pointed out before, they would have been visible 



Spots in flies containing y sn^ and Mn. 

In exp. (2) some of the individuals were of the constitution XXV (see p. 709). 

In exp. (j) the not-Mn X chromosome carried besides y, the genes g^ and ty (tiny bristles). The presence of the latter generally 

made a separation of Mn and spots impossible 
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In cjqp. (i), the 3 y sn^ spots and 2 of the sn^ spots were probably Mn. 

In exp. (2), 4 y spots were probably 3 /w, 103 sn^ spots were and one sn^ spot had very' small setae. 

In exp. (3), 10 sn^ spots were probably Mn. 

In exp. (4), 33 ysn* spots were one was probably The total of 90 y spots includes one of unrecorded area. Of the y and the sn^ spots one 
had small setae and one setae similar to 4-'^. 
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spots with Bid (or Bid p) setae. Their absence shows that non-disjunc¬ 
tion of the daughter fibre at least in these cases of left crossing over either 
does not occur at all or is rare. 

In experiments 3 and 4 only one type of spot was found. This type cor¬ 
responds in origin to most of the spots in i and 2 namely either to the 
single crossovers to the right or to the left crossovers, both with normal 
disjunction of the daughter fibre points. Each of these types gives rise 
to -t--}- spots. Bid (and -t-+) spots would have been produced if single 
crossing over and non-disjunction of daughter fibres or if double cross¬ 
overs had occurred. The absence of such spots agrees with the absence of 
corresponding spots in i and 2. 

Finally, it is easily seen that no chromatid reduction has taken place, 
as certain types of twin spots should have occurred in all four experiments 
with Blond. Their absence is proof of segregation, two strands by two 
strands, without reduction. 

Experiments involving y, sn^, and Mn 

The finding of somatic crossing over along the length of the X chromo¬ 
some seems to contradict Bridges’ (1925) results with spots in Minute-n 
flics. He stales that no spots occurred which showed recessive characters 
determined by genes located in the Mn-carrying chromosome nor that 
spots occurred which showed only some, but not all, characters determined 
by genes in the other X. In the language of the crossing over theory this 
would mean no somatic crossing over occurred along the main length of 
the chromosomes, from y (0.0) to Mn (62.7). In order to clear up the ap¬ 
parent discrepancy, flies heterozygous for y, 5«®, and Mn were produced 
and scrutinized for spots. All four possible different distributions of these 
three factors and their alleles over the two X chromosomes were investi¬ 
gated. The results are assembled in table 10. In most spots no distinction 
could be made between M and seta length. Wherever this character 
could be classified it is recorded in the footnote. It is apparent that in each 
of the four experiments more than a single type of spot was found. How¬ 
ever, in each case one type predominates. In the only case in which this 
prevalence amounts to less than 75 percent of all spots an external cause 
can be seen to be responsible, namely the most frequent class of spots 
in experiment i is distinguished from the surrounding tissue by its -b" 
condition only. Spots of this constitution are recognizable, in general, only 
if they include one or more macrochaetae on the head or thorax, while 
all other spots exhibiting y or jn® or both y and s»® are recognizable any¬ 
where and both in macro- and microchaetae. If only those spots are tabu¬ 
lated which have about equal chances of being recognized, namely head- 
thorax spots which include macrochaetae, their numbers are found to be 
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Table 11 

Results of X (equational) and y (rediictional) segregation in experiments involving v, sn^, and Mn. 
In each case the upper symbols represent one segregate and the lower 
symbols represent its twin segregate. 

SHGRKOATION* 

(X) (y) 


SINOLIi CROSBOVER 
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14+ and 2sn^, thus making experiment i fit in with the others as to the 
striking prevalence of one type of spot. In order to find out the processes 
by which the different types of spots were produced, table 11 was con¬ 
structed; it gives the types of spots to be expected in case of single somatic 
crossing over in the regions (i) y-sn^, (2) sn^-Mn and (3) Afw-spindlc fibre 
point and with (x) equational or (y) reductional segregation of the, 
daughter fibres. Another possible equational separation, (z), will not lead 
to visibly different spots. It is assumed that no chromatid reduction takes 
place. The contrary as.sumption can be disproved as in previous dis¬ 
cussions. 

An analysis has to be based on a consideration of all four experiments. 
Regarding the + spots in experiment i it is seen that three different proc¬ 
esses of crossing over and segregation, namely (ly), (2y), and (3X) lead to 
+ spots. As we expect the same processes in comparable frequencies to 
occur in experiments 2 to 4, we have to find out from table 11 what kinds 
of spots would result from these processes. 

(a) Process ly would lea<l to in experiment 2, + in experiment 3, and 
sn^ in experiment 4. Indeed, experiment 2 yielded spots as the largest 
class, in conformity with the + spots constituting the largest class in ex¬ 
periment T. In experiment 3, however, no + spots were found and in 
experiment 4 the sj)ots constituted the smallest class, d'hus process ly 
does not fulfill the requirements. 

(b) Process zy can be excluded also. It would lead to + spots in all 
four experiments, while + spots actually form the smallest class in experi¬ 
ment 2 and do not occur at all in experiments 3 and 4. 

(c) The remaining process (3X) would give results in accordance with all 
actual findings, as the different kinds of spots to be expected from it 
represent indeed the most frequent class in each experiment. 

A similar analysis, carried out in regard to the less frequent classes of 
spots leads to the following results: Process ix, crossing over between y 
and sn^ and equational fibre point segregation can account for y spots in 
experiments i to 4; process 2X, crossing over between sn^ and Mn with 
equational fibre point segregation can account for y sn^ spots in experi¬ 
ments I and 4 and for y-sn^ twin spots in experiments 2 and 3. It is seen 
in some cases that certain classes of spots are made up from products of 
different processes, as in the case of y spots in experiment 3, where the 
majority is considered to have originated in consequence of 3X, while some 
must be products of ix. Furthermore, whenever y-sn^ twin spots are ex¬ 
pected, as in experiments 2 and 3, some of these will cover only so small 
an area as to appear as single y or sft^ spots and will therefore add to the 
heterogeneity of the y or sn^ classes. In some of these cases the different 
origin should lead to spots which contain either Minute-n or its normal 



CURT STERN 


6 S 4 

allele. As indicated in table lo, both types of spots were frequently found 
in the different classes and were present in proportions which were roughly 
in conformity with expectations. 

There arc a few types of spots which cannot be accounted for on the 
basis of single crossovers namely in experiment i, 3 sn^ spots, 2+ cf colored 
spots; in experiment 2,4 + spots, 8+ & colored spots; in experiment 4, 2 
sn^ spots. 

A discussion of the + d' colored spots will be postponed (cf. p. 667.) 
The remaining few spots can be accounted for by double (and triple) cross¬ 
ing over, as can be readily seen. The occurrence of such multiple cross- 

Tablk 12 


Number of spots with j or 2 and with more than 2 setae in experiments i -4 from table 10 


EXP, 

PUEVALENT CLASS 

1 2 SETAE > 2 SETAE 

1-2 SETAE 

ALL OTHERS 

> 2 SETAE 

(i) 

7 

8 

II 


I 

(2) 

«3 

112 

45 


6 

(3) 

33 

69 

13 


5 

(4) 

38 

51 

7 


0 


161 

240 

76 


12 

Totals 

401 


88 


% of spots > 2 

60 


14 



overs should lead to certain other spots also which would not be distin¬ 
guishable from the spots produced by the single crossover processes. This 
adds slightly to the heterogeneity of the main classes. 

The following summary of the results of these tests is based on the as 
yet unproved assumption that apparent non-crossovers are really cross¬ 
overs between the rightmost locus investigated (Af«) and the fibre point. 
We then find: (i) the most frequent cause of spots is somatic crossing over 
in the region nearest the fibre point, region 3, and equational segregation 
of the fibre points; (2) somatic crossing over in other regions of the X chro¬ 
mosomes occurs also and if followed by equational divisions of the fibre 
points accounts for the less frequent types of spots. 

The relative frequencies of the different types of crossovers will be con¬ 
sidered after one more result has been pointed out. 

If we tabulate (table 12) for experiments i to 4 the numbers of spots 
which cover only i or 2 setae and those which cover more than 2 setae, we 
see that 60 per cent of all spots in the prevalent class and only 14 per cent of 
all other classes belong to the larger kind. The difference becomes more 
significant still if we remember that part of the spots in the main class be¬ 
long in reality to the other group and thus should tend to increase the 
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number of small spots in the prevalent class. This striking correlation be¬ 
tween chromosome region of somatic crossing over and size of spot might 
be accounted for on two different assumptions (other possible but less 
probable causes will not be discussed): fa) The products of crossing over 
to the left of Mn might have lower viability than those of crossing over to 
the right so that their growth is more restricted; (b) the relative frequency 
of crossing over to the left of Mn increases with the age of the developing 
insect, so that late cell divisions are more frequently preceeded by such 
kind of crossing over. As the size of the spot area formed decreases the 
later the time at which segregation takes place, crossovers to the left of 
Mn would result in a relatively high number of small spots. 

Assumption (a) can be rejected, as there is no obvious reason why 
viability differences should differentiate between crossovers to the left or 
to the right of Mw, especially as certain spot constitutions which represent 
left crossovers in one experiment signify right crossovers in another. This 
leaves assumption (b) as an explanation of the average size differences of 
the different types of spots.^w Mn flies the region of somatic crossing over 
along the X-chromosome is correlated with the developmental stage of the 
organism. No such relation was found in the not-Mn flies recorded in table 
8 . 

A calculation of the relative frequencies of crossing over in different 
regions is made very difficult by this finding. It is probable that many 
cases of segregation after crossing over to the left of Mn occur so late that 
no seta is involved and the mosaic area remains undetected. The relative 
numbers of observed spots belonging (primarily) to the right and to the 
left crossover group is therefore biased to the disadvantage of the smaller 
left crossover spots. How great this bias is can hardly be estimated at 
present, but it seems very doubtful that it will be great enough to estab¬ 
lish a ratio between somatic crossovers to the left and to the right of Mn 
which equals the ratio in germinal crossing over. If equality existed, the 
chance of observing a left crossover spot would have to be only 1/95 
of that of observing a right crossover one, as the germinal ratio is of 
the order of 19:1 and the observed somatic ratio is of the order of 1:5 
(88:401). If this chance is considered too small, it follows that somatic 
crossing over should be more frequent in the immediate neighborhood of 
the spindle fibre than in other regions of the X chromosomes. This finding 
agrees with the similar though less pronounced concentration of cross¬ 
overs to the right of sn^ observed in the experiments described in table 9 
and table 8. However, such a calculation based on the total of observed 
spots obscures the fact that at different stages of development the rela¬ 
tive frequencies of somatic crossovers in different chromosome regions 
vary. 
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The correlation between region of crossing over and developmental stage 
throws light on the divergence of our findings of more than one type of 
spot and the earlier findings of Bridges in which only one kind of spot, 
explicable by crossing over to the right of Afw, had been observed. Bridges 
focussed his attention on the larger spots, not on single seta spots; and he 
restricted his observation mainly to the head and thorax. As the great 
majority of spots originating after crossing over to the left of Mn com¬ 
prises only I or 2 setae, it is probable that they have been overlooked 
formerly. Only 12 out of 489 spots summarized in table 12 covered more 
than 2 setae and only 3 of these occurred on head or thorax. It is not sur¬ 
prising that such a small number of aberrant spots should have gone un¬ 
observed. 

There is one more point of divergence between the earlier results and 
interpretations of spots in Mn flies and the present ones. It relates to the 
number of X chromosomes present in cells of the mosaic area. This ques¬ 
tion will be considered separately. 

Experiments involving y, and “Theta" 

No proof has been given as yet for the statement that the apparent non¬ 
crossover spots were indeed results of crossingover to the right of the right¬ 
most locus considered. This will be demonstrated now and it will be shown 
that somatic crossing over is a general process preceeding somatic segrega¬ 
tion. 

As indicated in the introduction, an experiment was undertaken to de¬ 
termine whether the whole chromosome was lost during the supposed 
elimination of the Mn chromosome. All former findings except those de¬ 
scribed in the last section had pointed to an “elimination'’ of at least most 
of the Mn X chromosome'—from yellow (0.0) to the right of Mn (56.7). 
There were no “good” loci known to the r^ht of Mn which could be tested 
with respect to their possible elimination^J^owever, Muller’s finding of an 
induced, cytologically visible duplication. Theta (0), had provided a tool 
for this investigation (Patterson 1930). Theta is a deleted X chromosome 
comprising the left end with the loci yellow, scute, and broad (o.o~o.6) 
and bobbed from the right end. In the stocks used Theta was attached to 
the right end of a normal X, The chief property by which the presence of 
Theta is ascertained is its possession of a normal allele of yellow. In males 
or females in which the normal X chromosomes contain the recessive 
mutant yellow, the presence of Theta can be seen by their not-yellow 
normal body color. 

When females of the constitution y Mn B/y were inspected for spots of 
not-Minute setae, the color of these spots was expected to be yellow in 
case a complete elimination of the y Mn B chromosome had taken place 



SOMATIC CROSSING OVER 


657 

and to be normal when only the y Mn part, but not the d part of the 
chromosome had been lost. In a first experiment of this type 26 spots were 
found all not-ycllow. This seemed to prove that only a part of the X was 
eliminated and that a break had occurred between Mn and the spindle 
fibre insertion, where Theta is attached. When, however, females of a 
similar constitution were examined in which the Theta-fragment was at¬ 
tached to the not-Mn chromosome (y Mnjyd), it was discovered that the 
not-Mw spots were of two kinds, some being not-yellow, others being 
yellow. The first kind would be expected from a simple elimination of most 
or all of the y Mn chromosome. But the yellow spots seemed to show that 
together with the Mn-containing part of one X chromosome the Theta part of 
the other X chromosome had disappeared. A full analysis of these findings 
will be given in a later chapter. Here we shall follow the implications in 
regard to mosaics in which no sex-linked Minute is involved. 

When somatic segregation had been recognized as the process leading to 
mosaic formation it was obvious that an interpretation of the Minute- 
'I'heta results involved assumptions of somatic crossing over to the right 
of Mn. Accordingly 'Fheta was introduced into females of constitution 
otherwise similar to that described in the preceding chapter (the presence 
of Hw and dl-49 may be disregarded, but see p. 708). Table 13 contains the 
results. Two main types of females were inspected: (i) containing y and 
sn^ in one X and y and Theta in the other and (2) containing y, sn^ and 
Theta together in one X and only y in the other one. In these experiments 
due to the homozygous condition for y at the left end of the X chromo¬ 
somes, crossing over between the X chromosomes, if it occurred at all, 
could be observed in its effect only when the exchange had taken place 
between the locus of sn^ and the attachment point of Theta. Three main 
possibilities seemed to exist: (a) no somatic crossing over, (b) somatic 
crossing over occurring at a two strand stage with respect to the two X 
chromosomes, each chromosome being still represented as a single strand, 
(c) somatic crossing over at a four strand stage. These might be regarded 
to be of unequal probability if considered in the light of our foregoing 
analysis and of cytological results. But the analysis offered a new test of 
the findings reported above and it was also thought best to judge the 
genetic evidence of these experiments on its own merit as much as possible. 
This will be done herewith. 

(a) No somatic crossing over. In this case somatic segregation in ex¬ 
periment I should have yielded two daughter cells with the constitutions 
y sn^ and y B giving rise to y sn^ spots (y 6 spots are phenotypically indis¬ 
tinguishable from the surrounding tissue). Only two y $n^ spots out of 143 
spots were found, showing that segregation without crossing over cannot 
account for the findings. 
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• In exp. ic only head and thorax were inspected. All 31 spots were found on the thorax, 
t Doubtful if the single bent seta was genetically sn*. 
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The same conclusion holds true for experiment 2. Here simple segrega¬ 
tion should produce two daughter cells of the constitutions y sri? 6 and y, 
giving rise to sn^ and y twin spots. But only two twin spots (one doubtful!) 
out of 187 were found. 

(b) Somatic crossing over at a two strand stage. 

Expectation in experiment 1: two daughter cells with the crossover con¬ 
stitutions y sn^ and y ; these should result phenotypically in sn^ and y twin 
spots. 

Result: only 2 such twin spots out of 143 spots. 

Expectation in experiment 2: two daughter cells with the crossover con¬ 
stitutions y sn^ and y 0 giving rise to y sn^ spots (the y 6 area not being dis¬ 
tinguishable from the surrounding tissue). 

Result: No y sn^ spot out of 187 spots. 

Conclusion: Segregation with crossing over at the two strand stage does 
not account for the findings. 

(c) Somatic crossing over at a four strand stage. This implies for our 
discussion that only two strands at any one level cross over. Otherwise 
four strand crossing over would here be indistinguishable from two strand 
crossing over. Before entering a detailed analysis, it will be shown once 
more that generally no chromatid reduction occurs in the formation of 
mosaic areas. 

We consider the original constitution of the females in experimcnl i and 
experiment 2. If reduction occurs in experiment 1 two of the four resulting 
cells would each obtain a non-crossover strand of the constitution y sn^j 
or y 6 , and the other two cells would each obtain a crossover strand of the 
constitution y sn^ 0 or y. The areas resulting from later divisions of the 
four reduction products w^ould exhibit the phenotypes y sn®, +, 5n^, and 
y. As the phenotype + is not different from the surrounding not-reduced 
tissue, the visible result would be a triplet spot with a y sn®, and y area. 
No spot of this nature was observed and the y sn^ phenotype itself ap¬ 
peared not more than three times in 143 spots. As to experiment 2: the four 
reduction products would have the constitutions y sn^ y, y and y 
giving rise to a triplet area with the phenotypes 5n®, y, and y sn^ as in ex¬ 
periment I. Again no such spot was found nor a single y sn^ phenotype out 
of 187 spots. 

Thus there remains the following mechanism to be examined: crossing 
over between two of the four strands and subsequent segregation two by 
two of strands without chromatid reduction. The main consequences of this 
mechanism are diagrammatically represented in figures 8 and 9. At the 
left of the first horizontal section (a) the four chromatids are represented 
which originated as a consequence of crossing over in the 5n®-Theta-attach- 
ment region between two of the original chromatids. To the right of this 
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Figure 8. y sn^/yB. (See table 13, experiment i.) Six types of single crossovers 
and the results of three different t3rpe8 of segregation. 
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Figure 9. yly sn^. (See table 13, experiment 2.) Six types of single crossovers and the 
results of three different types of segregation. 
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four chromatid group are shown the results of the three different possi- 
bilitics of distributing the chromatids two by two into two daughter cells. 
In both experiments the first of these possible types, x, leads to the appear¬ 
ance of a sn^ spot, the second, y, to that of a y spot while the last, z, does 
not give rise in any of the two resulting cells to a phenotype different from 
the surrounding tissue. If we compare these deductions with the actual 
results (table 13) it appears that the great majority of spots seem to fit 
the expectation. In experiment i, 134 spots out of 143 and in experi¬ 
ment 2, 185 out of 187 spots exhibit phenotypes which would result from 
the mechanism discussed. 'I'he proportion of .v«* to y spots in both experi¬ 
ments is similar also, namely 116:18 in experiment i, and 165:20 in experi¬ 
ment 2. Before accepting the conclusion that crossing over to the left of 
the Theta-attachment and an ensuing chromatkl distribution according 
to two different types in a proportion of about 8:1 is responsible for the 
findings, it will be necessary to see whether there are other types of crossing 
over and segregation which would lead to the same observed spots. Five 
further types of crossing over are listed in figures 8 and g. In the hori¬ 
zontal sections (b) and (c) the possibility is considered that crossing over 
involves the right (bobbed) end of the 'i'heta fragment and that part 
homologous to it which is located near the spindle fibre in the X chromo¬ 
some—(b) in the free X and (c) in the X chromosome to which 'J’heta is 
attached. In the sections (d)-(f) the possibility is considered that cross¬ 
ing over involves the left (yellow) end of the 'I'heta fragment and the 
homologous part in the left end of the X chromosomes-- (d)between a 
Theta chromatid and the chromatid of the X chromosome to which the 
Theta chromatid is attached, (c) between a Theta chromatid and the 
sister X chromatid of that to which the Theta chromatid is attached, and 
(f) between a 'Fheta chromatid and a chromatid of the free X chromosome. 
If somatic crossing over obeys the same rule as does germinal crossing over, 
then it can be predicted that the crossover processes represented in sec¬ 
tions (b)-(f) will play only a very small role, if any, in comparison to the 
crossover type referred to in (a). This follows from the generally estab¬ 
lished fact that short duplications take very little part in germinal crossing 
over (Dobzhansky 1934). In addition there may be quoted the results of 
unpublished experiments on germinal crossing over in the X chromosomes 
of females possessing one Theta attachment: Only 2 out of 7559 individuals 
occurred as a result of crossing over between Theta and the homologous 
region near the spindle fibre of an X chromosome. But in spite of the rare¬ 
ness of such crossing over types during germ cell formation, we have to 
consider the consequences of their possible occurrence in somatic tissues 
if followed by segregation. For, lacking any previous acquaintance with 
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somatic crossing over, we an' not justified at thi.s stage to apply our 
knowledge of germinal processes to somatic ones. 

The procedure will be to tabulate which types of crossing over and segre¬ 
gation arc able to give rise to the two main kinds of spots which were ob¬ 
served, namely sn^ and y. 

It is seen (fig. 8) that spots originate in experiment 1 only according 
to the types ax, by, and fy. In experiment 2 (fig. g) spots can originate 
according to ty])es ax and fy. Other types in which sn^ appears as i)art of a 
twin segregate will not be considered for the moment. 

The process by in experiment 2 does not give rise to sn^ spots. It there¬ 
fore seems sufficient to consider only ax and fy as possibly responsible 
for the observed s)i^ spots. Now the process fy should hardly occur without 
the occurrence of dy and ey, for a striking preference of the Theta frag¬ 
ment for crossing over with different kinds of the distant yellow^ ends of 
X chromosomes is not likely. However, dy and ey give rise to y sn'^ spots 
in experiment i and to y and sn^ twin spots in experiment 2. Such spots 
were negligible in number— and they can also originate through different 
processes. It is therefore concluded that no appreciable percentage of fy 
l)rocesses occurred and that the majority of the sn^ spots both in experiment 
1 and 2 ix^ere produced as results of the process ax. 

\T‘llow spots would appear as a result of the following processes in ex¬ 
periment 1: ay, bx, ex, ez, and fx. In experiment 2 yellow spots will result 
from ay, cx, cz, ex, ez, and fx.The processes ey, ex,ez, and fx agree in both 
experiments in yielding only y spots. On the other hand, bx would be re¬ 
sponsible for y and sfv^ twin spots in experiment 2, and cx for y and sn^ 
twin sj^ots in experiment i. But twin spots have to be considered also, 
as some of them will appear phenotypically only as y areas (others as sn^ 
areas). Besides bx,cx, and cz we have,therefore, to discuss still the processes 
cy, by, and ey, which give rise to y and sn^ twin spots in experiment 2. 
The last named group of processes, if they occur, gives rise to y sn^ spots 
in experiment t. Actually only 2 y sn^ spots out of 143 were found in 
experiment 1 so that these processes at best can account only for a small 
number of y spots in experiment 2 and cannot account at all for any of the 
18 y spots in experiment 1. We are then restricted to an analysis of the 
types ay, bx, cx, cz, ex, ez, and fx. Do all these crossing over and segrega¬ 
tion processes occur? A decision cannot be reached without taking recourse 
to other data. We have seen in the preceding chapter on spots in Mn or 
Bid-bearing females that the occurrence of types of segregation which are 
reductional with respect to sister fibre attachment points could be ex¬ 
cluded. If we use this knowledge for our present problem we see that the 
process ay representing such a reductional segregation becomes eliminated 
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and only equational segregation processes remain. They all have in 
common the fact that they involve crossing over between the Theta dupli¬ 
cation and the X chromosome, bx, cx and cz crossing over in the homol¬ 
ogous right regions and ex, ez and fx in the homologous left regions. 
Whether both kinds of crossovers contribute to the y spots or if only one 
kind occurs and if so, which one it is, cannot be ascertained from the 
present experiments. But further information will be yielded in an an¬ 
alysis of experiments which involve y,$n^^Mn^ and 0 . No discussion will 
be devoted to the y sn^ spots nor to the sn^ and y sn^ twin spot. Simple 
elimination, non-disjunction processes, or multiple crossovers at one or 
successive stages may be involved. 

The results of this chapter can be summarized as follows: 

(1) Somatic segregation is always (or nearly always?) preceded by 
somatic crossing over between two of four chromatids. 

(2) If the result of a preceding section is held to be generally true, 
namely, that segregation is always equational with respect to spindle fibre 
attachments, then it is found that somatic crossing over involves not in¬ 
frequently the Theta-duplication which only very rarely participates in 
germinal crossing over. 

On the basis of these findings it is postulated that somatic crossing over 
underlies segregation also in those cases where the genetic constitution, on 
account of the absence of an attached Theta duplication, does not seem to 
allow a direct test of crossing over in the rightmost region. Such a test, 
however, is possible under some circumstances as will be shown in the 
following section. 

Experiments involving bobbed as a means of determining the 
rightmost crossover region 

As pointed out before, the fact had been unexpected that in flies 
heterozygous for bobbed {bb) or one of its alleles ‘‘elimination” of the not- 
bobbed X chromosome generally does not result in spots exhibiting the 
bobbed phenotype. Table 14, experiments 2 and 3, contains data on such 
spots in flies which had Mn in one X and bb or bb^ (a lethal allele of bb) in 
the other one. It is seen that 34 of the spots in experiment 2 possessed 
phenotypically non-bb setae, and that in experiment j where only non-66 
spots would have been visible, ic 5 »spots were found. Leaving aside at pres¬ 
ent the spots with smaller than normal setae, the non-appearance of the 
bb character in these spots has to be explained. 

The assumption of non-autonomous development of the bobbed char¬ 
acter from cells of a mosaic area, although possible, seemed unlikely, espe¬ 
cially in view of the result of an extensive test of the sex-linked factor 
“tiny bristle’’ {ty, i, 44.5) which is very similar in action to bobbed, to- 



SOMATIC CROSSING OVER 


665 


Table 14 

Seta length in spoh of individuals containing hb and hb^ {exp. 2 and j). 
Experiment 1 is the control. 
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t Only spots are recorded which enclose macrochaelae on head or thorax They were y in 
exp. 1 and 2 and in exp 3 In the latter experiment spots with setae shorter than could 
not be distinpiuished from the rest of the body 
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Setae length >*‘hb 9 ” but < 4 "*^ spots 
Setae length like bbXOd':j 


gether with which it can be classified as a recessive Minute. The test con¬ 
sisted in observing whether ty behaved autonomously in spots or not. The 
result was that it did, which made the discordant behavior of bb more 
surprising. 

I'he theory of somatic crossing over in the form proposed allows us to 
understand the apparently exceptional behavior of bb if we make a specify¬ 
ing assumption concerning the region of somatic crossing over in the X. 
It has been pointed out before that in the majority of cases this region lies 
between the locus of Mn and the right end of the X. If the point of cross¬ 
ing over were located between the rightmost factor, which is bobbed, and 
the right end of the X, then the behavior of the phenotype bobbed in 
spots would be exceptional also under the somatic crossing over theory, 
for the equational segregation of fibre attachment points is by necessity 
reductional for all loci to the left of the crossover point. Therefore one of 
the segregation products of a fly which is heterozygous for bobbed becomes 
homozygous for this locus. Thus in a Mn/y bb female crossing over at the 
four strand stage, if occurring to the right of bb, would lead to daughter 
cells of the constitutions MnfMn and y bh/y bb, the latter giving rise to 
y spots. These spots, in spite of their assumed homozygous condition for 
bb, show long not-JJ bristles. Or let us consider experiment 4 of table 5. 
In females of the constitution y . . . bb^/sn^bb^, four strand crossing over 
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to the right of the bb alleles should yield daughter cells of the couslitu- 
tions y . . . bb^/y . . . bb^ and sn^bh^/snH)h^. From the knowledge of the 
recessive lethal action of bb^ in zygotes the most likely assumption would 
be a cell lethal action which hinders the y . . . bb^/y . . . bb^ cell from de¬ 
veloping into a spot area. However, two y areas in y-.v;/*^ twins were found 
covering 3 setae and four covering 2 setae besides numerous one-seta y 
areas (tables 7 and 5). The difficulties disappear if we assume that the point 
of somatic crossing over lies to the left of the bb locus. This assumption 
agrees with the fact that as a rule no germinal crossing over occurs be¬ 
tween bb and the fibre locus (Stern i() 2 (;). (Tossing over to the left of bb 
will leave the constitution of the daughter cells unchanged with regard to 
bb. In 1/w/y M flies the daughter cells will be Mn + !Mn bb and y +/'v bb 
and the resulting y spot, heterozygous for bb like the rest of the fly, will 
have noi-bb bristles; in y . . . bb[>'sn^bb^ females the twin spots will have 
the constitutions y • . . bb^/y . . . Wi-^and sn^bb'/sti^bb^j again not differing 
from the surrounding tissue in regard to bb. 

There remains to be given an explanation of the 11 spots in experiment 2 
which exhibited y setae of shorter than normal length. 'Fhat they are not 
due to a sp^ecial behavior in regard to bb is probable from the control ex¬ 
periment 1 in which bb was not involved at all and in which 4 spots with 
shorter setae were found. These 4 spots are to be expected as results of 
crossovers between y and Mn thus producing spots of the constitution 
y Mnjy +, the variation in setae length representing the known vari¬ 
ability of Mn setae in the presence of different modifiers (which in these 
spots must be of varying combinations due to different crossovers). The 
same explanation is adopted for 10 of the 11 spots with smaller than normal 
setae in experiment 2, while the single bristle wspot with a very short, 
bb XO-like seta was perhaps due to a real elimination of the Mn\ chromo¬ 
some. The higher frequency of the smaller spots in 2 than in i is within 
the limits of variability of somatic crossing over (the difference also being 
smaller than three times the standard error). It might be added that ex¬ 
periments 2 and 3 were conducted in such a way as to exclude the pres¬ 
ence of a supernumerary Y chromosome which would have covered the 
bb effect. 

The assumption that the crossover point lies always to the left of bb, can 
be applied to an independent test of the origin of the y spots which appear 
in the Theta experiments discussed in the preceding section. We had seen 
that the y spots may have resulted both from a reductional segregation 
process after crossing over between the X chromosomes (ay process) and 
from equational segregation processes after crossing over involving the 
Theta duplication (processes bx . . . fx, cz, ez), The first alternative could 



SOMATIC ('ROSSTM; over 667 

not be rejected on the* basis of an analysis of the [)erlinent data but only 
on the basis of evidence from earlier experiments. 

If the y spots occurred in consequence of processes ay, after reductional 
distribution of the lil)re points, then a reductional distribution for the hh 
locus would have occurred also. Bobbed then should exhibit its phenotype 
in suitable spots. Hut if the y spots were due to any of the processes 
bx . • . fx, cz, ez, then bb should not ai)pear phenotypically. 'Fhis point 
could have been tested in experiments ib and ic of table 13. In experi¬ 
ment il) live y spots occurred. A reliable distinction of bb and not-ft/; setae 
generally can be made only in macrochaeta of the head and thorax and in 
Hies which do not carry a Minute factor. Only 3 of the 5 y spots occurred 
in non-Minute flies and none included head or thorax macrochaetae. 
l^xperiment ic represents a special attempt to obtain y spots covering 
suitable setae. Of the nearly 3000 individuals inspected only 18 possessed 
y head-thorax spots, 4 of which covered macrochaetae. Three of these 
s])ots had setae which w(‘re clearly of about normal, not bobbed size; one 
had setae of a size similar to bb. 'Fhis last named y spot seems to indicate 
the occurrence of the ay process. However, too much weight should not be 
laid on this single finding which is contradicted by sufiicient other evi¬ 
dence. It could, for in.stance, be regarded as a case of crossing over to the 
right of bb with normal disjunction of the fibre points. However, this is not 
suggested as a probable explanation. 

The other three not-bobhed, yellow sj)Ots establish definitely the oc¬ 
currence of at least some of the crossing over and segregation processes 
bx • . . fx, cz, ez. It is probable that one or both of the processes b and C 
were involved, as the bristle size in these spots, though not-bobbed, was 
apparently somewhat abnormal. This points to a 3X (superfemale) con¬ 
stitution of the spots, as to be expected from bx and cx or cz (fig. 8). 

The number of X chromosomes in cells of spots 

mosaic spots in females which do not contain a duplication originate 
by segregation of four chromatids two by two following crossing over be¬ 
tween two X chromosome chromatids, then the X chromosomes in cells 
constituting the mosaic regions must be present in the diploid number 
This expectation is in contrast to that derived from a simple elimination 
hypothesis which leads to the expectation of finding one X chromosome 
only. Still other numbers of chromosomes can be predicted after segrega¬ 
tion in females carrying a duplication as can be seen in figures 8 and g. An 
investigation of the number of X chromosomes in mosaic spots should pro¬ 
vide new tests for the proposed theories. 

It was not thought possible to determine the number of X chromosomes 
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by a cytological study as no cell divisions arc expected in the hypodcrmal 
cells which constitute the spots of adult individuals, (icnetic means, how¬ 
ever, are available. Bridges (1925) used two criteria: the presence (cf = X) 
or absence ( 9 = XX) of a sex comb in case of a spot covering the sex comb 
region of a front leg and the shade of (eosin i, 1.5) color in eye spots of 
individuals which according to their genetic constitution exhibited eosin 
in a mosaic eye part. Eosin is known to be pink in females and pinkish 
yellow in males. Since the sex comb region is involved only very rarely in 
a spot and since the eosin test allow^s for reliable judgments of the eye 
color only in comparatively large spots, a third criterion for X or XX con¬ 
dition was used primarily in the present studies, namely, the coloration of 
the fifth and sixth abdominal segment.^ These segments are dark in males 
and, in most stocks, colored only along the posterior margins and near the 
median line in females. This coloration is cell-autonomous as many cases 
ranging from smallest to largest black spots on female segments in certain 
experiments show. A fourth criterion of the X or XX constitution of spots 
can be derived from a consideration of bobbed spots as will be shown in the 
next section. 

The determination of the sex of spots as an index of the number of X 
chromosomes was made in all later experiments after the importance of 
this condition was recognized. In the earlier experiments the determination 
of sex was not made while the flies were alive. However, it seems certain to 
me that I would have recorded the fact of male coloration in abdominal 
spots had it occurred, as I wrote down individual records for each spot 
noting the numbers of bristles involved, the abdominal segment, and often 
added a sketch of the spot. Whenever no comment was made in my notes 
(in 22 out of 147 cases) it can be regarded as highly indicative of the ab¬ 
sence of male coloration, that is, of the presence of two X chromosomes. 

Consequently all those spots found in the experiments discussed in the 
preceding sections of this paper in which two or more setae of the critical 
abdominal region were involved have been tabulated in table 15. Besides, 
the results of three further experiments reported elsewhere (Stern 1935b) 
have been added. It will be noted that the mosaics have not been classified 
under the alternative ‘Temale color or male cdlor^^ but rather under “male 
color or no male color.” The latter is better, since it is possible that in rare 
cases very narrow spots do not exhibit male coloration in spite of iX con¬ 
stitution even if they cover two or more setae. The table shows that the 
great majority of mosaics, 132 out of 147, did not exhibit male coloration. 
They thus contain cells with the constitution XX, in agreement with the 

1 Owing to the fact that the apparent first segment is regarded to be originally composed of 
two segments, the morphologically fifth and sixth segments are the ones which appear as fourth 
and fifth without knowledge of the homologies. 
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theory of crossing over and segregation and in contradiction to the elim¬ 
ination theory. Fifteen spots exhibited male coloration , an effect of one 
X constitution. 

The probable origin of mc^t of these exceptional spots will be discussed 
later in connection with th^nfluence of an extra Y chromosome on somatic 
crossing over. It is significant that no male color appeared in any of the 
31 spots which exhibited the typical result of segregation, the twin con¬ 
dition. Here it is pointed out only that the male-colored spots occurred in 
a few very nearly related cultures in each experiment: 5 of the 6 male spots 
in line i of table 15 came from 3 related cultures of a total of 34, all 3 male 

Table 15 

The sexual coloration in critical abdominal spots. 

Numbers in ( ) represent those of the total number of spots which were 
recorded without a comment as to sexual coloration. 
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spots in line 2 from one single culture of a total of 29 and both male spots 
in line 3 from one single culture of a total of 32 This indicates that special 
genetic conditions were responsible. 

The two normal, male-colored spots in line 4 will be commented upon 
later. 


A comprehensive experiment involving y, sn^, Mn and Theta 

Each of the experiments dealt with in the preceding chapters yielded 
results which, taken together, furnish a consistent picture. However, some 
points were cleared up only by referring from one experiment to another 
and other points were left completely unsolved. The present chapter gives 
an account of experiments in which y, sn*, Mn, and d were involved at the 
same time. Emphasis will be laid on two questions: (i) Are the y spots 
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which occur in experiments involving Theta really results of crossing over 
between Theta and the X chromosome instead of results of crossing over 
between the X chromosomes and subsequent reductional separation of 
sister spindle points? (2) Do both the left and the right region of the Theta 
duplication cross over with their homologous regions in the X chromo¬ 
some? 

Four different combinations of y, Mn, and Theta were investigated 
(table 16a). In all experiments eosin was involved also and in each of the 
four combinations different sub-groups were present with either the normal 
allele of bobbed, or tw^o mutant alleles similar to each other, bb or bb'. 
ibb' has not as yet been described). No consistent differences between the 
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sub-groups are apparent. The frequencies of total number of spots per 
hundred individuals varied between 5 and 38, but a consistent grouping is 
clear, giving the highest frequencies to experiment i, the next to experi¬ 
ment 3, while experiments 2 and 4 present the lowest figures. Striking 
differences between the relative frequencies of the different types of spots, 
especially the sn^ and y spots are also obvious. While in table 16a all y 
spots and all sn^ spots were listed together regardless of their length, table 
16b shows that among both groups there were spots with bristles of about 
normal length as well as of Minute length. An accurate determination of 
length in spots occurring on the abdomen or including only microchaetae 
was not possible in general, so that the majority of spots could only be 
classified in regard to y or sv?. However, table i6b indicates that the great 
majority of spots were not Minute. Furthermore all 19 sn^ Minute spots 
were single bristle spots so that it seems probable that all or most of the 
larger 5«* spots were not Minute, anti even among the single bristle spots 
the majority of the head-thorax spots were not Minute. This holds pri¬ 
marily for experiments i and 2. The bristles classified as not-Minute were 
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often found to be somewhat abnormal, slightly thickened or shortened in 
varying fashion. The causes for this will soon become clear. 

If one tabulates for all four experiments the expectations for spots de¬ 
rived after different types of crossing over and segregation, a relatively 
simple explanation of the results a])pears. An abbreviated list of expecta¬ 
tions is presented as table 17. Only single crossovers are considered and 
only the x and y type of segregation, the first being equational for the 
fibre points, the second reductional. The z type which is also equational 
does not lead to visible spots after single crossing over between the X 
chromosomes. 

Process a. As the table indicates, crossing over between sn^ and Mn 
with normal disjunction of the fibre points ax leads to sn^ Mn spots in all 
four experiments. Non-disjunction of the fibre points ay leads to normal 
bristle spots in experiments 1 and 2 and to y not-Mn spots in experiments 
3 and 4. No other types of crossing over and segregation represented in 
table 17 besides ax result in sn^ Mn spots. These spots, in all four experi¬ 
ments, are therefore regarded as produced by the process ax (the actual 
non-occurrence in experiment 2 is probably due to the comparatively small 
number of flies inspected). In good agreement with the findings in the 
earlier experiments involving y, sn^, and Mn is the fact that somatic 
crossing over to the left of Mn yields only single seta spots. This is inter¬ 
preted as before to mean that crossing over away from the fibre region 
occurs only late in development. 

The occurrence of the process ay can at most account for the + spots 
in experiments i and 2 and for the y spots in experiments 3 and 4. However 
it is more probable that these spots ow'c their existence to different proc¬ 
esses to be discussed below. 

Process b. Crossing over between Mn and the end of the X and equa¬ 
tional segregation for the fibre points (bx) leads to sn^ not-Mn spots in 
experiments i and 3, to normal bristle spots in experiments 2 and 4. 

Spots which are may be expected also from some of the processes 
c and d. It is seen that segregation products in c and d wdll contain one 
X chromosome and two Theta duplications. Whole individuals of this 
constitution arc not viable (unpublished results). In case hypodermal areas 
of this constitution arc able to survive one would expect to find male sex 
indications in suitable spots. Actually, as will be shown soon, the great ma¬ 
jority of sn^+^ spots did not exhibit male characteristics. This leads us to 
the conclusion that most of the spots in experiments i and 3 owe 

their origin to the process bx. One would expect a high corresponding num¬ 
ber of normal bristle spots in experiments 2 and 4, Only few such spots 
were found although their relative frequencies in experiments 2 and 4 are 
higher than in experiments i and 3. However, on account of the great 
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variability in the occurrence of larger sized spots in the head-thorax re¬ 
gion in different experiments no serious obstacle is seen in this lack of 
normal spots which are only visible under the conditions just stated. And 
it is significant in this respect that of the too y or spots in experiments 
2 and 4 only 15 could be classified in regard to seta length. While this type 
of crossing over to the right of Mn with normal segregation can account 
for the majority of sn^ not-Mn spots, non disjunctional segregation of the 
fibre points by can at most account only for the small number of y Mn 
spots and other processes will also yield this type of spot. 

Processes c, d. An explanation for the great number of y-f- spots and 
their varying percentage in the different experiments is provided by the 
assumption of crossing over between the right end of an X chromosome 
and the homologous part of the Theta duplication. Two main types of 
crossovers are possible and assumed to occur with equal frequencies: 
process c, crossing over between Theta and an X chromatid with the Theta 
duplication; and process d, crossing over between I'heta and a free X 
chromatid. 

It is seen that normal disjunction (x) of the fibre points after crossing 
over c in experiments i and 2 yields triple-X y spots which possess Mn 
in one of the three X chromosomes. Such a constitution M/+/+ is known 
to produce not-Minute bristles, while the twin segregate whose single X 
chromosome contains Mn is inviable. In experiments 3 and 4 crossing over 
c and normal segregation leads to sister cells, one with 3 X chromosomes 
and one with one X chromosome and two Theta duplications. The cell 
with three X chromosomes carries two Mn factors. As individuals of such 
constitution as well as individuals with one X and two duplications arc 
not viable it is assumed that hypodermal segregation products of these 
constitutions will at best be of low viability and only rarely give rise to 
spots. No reductional segregation for the spindle fibre points is expected 
to occur after crossing over of type c, as this would mean non-disjunction 
of the two complete non-crossover sister chromatids which do not carry 
Theta, a process which throughout this paper has been shown either not 
to occur at all or at best as an extremely rare exception. 

Crossing over d with equational segregation (x) in experiments i 
and 2 leads to the similar types of inviable or barely viable twin cells with 
triplo-X MnlMnl+ and X+^ cells with two Theta duplications, but in 
experiments 3 and 4 to triplo-X yellow Mw/+/+ cells and inviable X 
Mn partners. 

Reductional segregation (y) leads to triplo-X cells with normal appear¬ 
ing bristles in experiments i and 2 and to combinations with low viability 
in experiments 3 and 4. Spots with these phenotypes are of course to be 
expected also from other processes. 
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Altogether equalional segregation after crossing over c leads to y spots 
in experiments 1 and 2 and after crossing over d to y spots in experi¬ 
ments A and 4. The triplo-X constitution of these spots agrees 

with the somewhat abnormal appearance of the v-bristles, the triplo-X 
condition making for heavier than normal bristles, the one Mn possibly 
accounting for the slight decrease in bristle length. 

The frequencies of y spots in experiments i and 2 should be higher than 
in experiments 3 and 4 depending on the degree of viability of triplo-X 
MnjMnj cells. If this viability is zero, the percentage of y spots in ex¬ 
periments I and 2 would be twice that in experiments 3 and 4, for one of 
the two normal disjunctional types of segregation, (z), does not lead to 
visible spots in experiments 3 and 4 while it is identical in effect with 
x-segregation in experiments i and 2. The actual average frequencies arc 
5.7 per cent for experiments t and 2 and 4.0 per cent for experiments 2 
and 3. (These figures are based on total y spots and are not corrected for 
the presence of y Mn spots.) Calculation shows that such a difference 
would follow if the chance of finding a y Mn/ y Mn y spot is about one- 
third of that of finding a y Mn/y/y spot. While this result points to a 
definite viability of triplo-X spots wdth two Mn factors, not too much 
weight should be attached to the value obtained. 

Processes e-g. Finally we have to consider the possibility of crossing over 
between the left end of I'heta and the homologous left end of the X chromo¬ 
somes. Assuming only equational fibre segregation, two of these processes, 
e and g, can lead to the production of y Mn spots, while process f will 
not yield vi.sible spots. This represents an alternative to the reductional 
process which also can account for y Mn spots. As the occurrence of re¬ 
ductional somatic segregation has been excluded or made improbable in 
other cases, it is assumed that the y Mn spots are products of equational 
segregation following the processes e and g. 

Summarizing, wt can state that equational segregation of fibre points 
after single crossing over between the X chromosomes in the region from 
Mn to fibre point and crossing over between the right end of an X chroma¬ 
tid and Theta with equational segregation can account for the great ma¬ 
jority of spots, namely the and y+spots. Crossing over with equa 

tional segregation occurs also to the left of Afw, at a low frequency, as wit¬ 
nessed by the sn^Mn spots which arc products of crossing over in the sn^ 
to Mn region; proof of crossing over in the w*" to sn^ region is seen in the 
occurrence of one out of four sn^+^^ spots which all enclosed eye or ocellar 
areas but of which the one did not show eosin eye color. 

Crossing over between the homologous left regions of the X chromosome 
and the Theta duplication with equational fibre segregation is assumed to 
occur and to account for the y Mn spots. No detailed attempt will be made 
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to explain the origin of the remaining classes of spots, which all have few 
representatives only. Multiple crossing over and occasional new crossover 
processes in descendants of crossover cells will account for them as it will 
also for a fraction of the main classes. 

The high frequency of crossing over between 'fheta and the homologous 
right end of the X chromosomes is surprising in view of the rareness of 
this process in germinal crossing over. In order to get an estimate, however 
inaccurate, of this frequency the data of experiment i may be considered. 
The frequencies of y spots and of spots are 105 and 307. A certain per¬ 
centage of the y and of the sv? spots is Mn. If the figures of table 16b are 
taken as a basis for estimating the y-]r^^ and + spots—a procedure 
which is doubtful if viewed in the light of our findings concerning the 
different ontogenetic time at which different crossover processes occur, 
we find (3034) 105 = 93 y+ spots and (122-^-132)307=284 spots 

or about i y+ 13 This means that out of each four crossovers in the 
right end regions one involves the Theta duplication. This is considerably 
higher than the relative frequency of Theta crossovers in similar experi¬ 
ments without the presence of Mn (table 13). However it is still far from 
what would result from chance crossing over within a multivalent between 
the four right ends of the X chromosomes and the two Theta duplications. 
Excluding sister strand crossing over there would be the following types 
of crossing over: 4 cases of ‘^X with X”; 4 cases of ‘Tree X with Theta”; 
2 of “duplication-X with the one Theta duplication”; 2 of “duplication-X 
with the sister Theta duplication.” Assuming normal disjunction of fibre 
points in 50 per cent of the first group, spots would result. No 

visible spots would occur in consequence of crossovers according to the 
second and third group, but in all cases of the last group spots would 
be produced. Chance pairing thus would lead to a t : i proportion of y\sn^ 
spots instead of the observed 113 relation. 

It is probably significant that crossing over involving Theta is rare in 
germinal cells where there is a high frequency of crossovers away from the 
attachment region, while such crossing over occurs frequently in somatic 
crossovers of flies without Mn (table 13) where crossing over becomes con¬ 
centrated in the proximal region. It is significant that Theta crossing over 
is relatively still more frequent in the present experiments where, under 
the influence of Mn, the shifting of crossing over to the attachment region 
has been increased. 

As judged by the rareness of y Mn spots the frequency of crossing over 
involving the left end of the Theta duplication is considerably lower than 
that involving the right end of the duplication. 

In table 18 the information as to the sex of spots in this series of experi¬ 
ments is presented. At least 21 out of 25 sn^ spots were female, as was to 
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be expected after crossing over between the X chromosomes. All three 
critical y spots were probably female in constitution again as expected, 
as was one colored eye-spot which did not affect any setae. Besides 
these female spots, however, 4 male spots and 10 male-colored spots 
with normal setae were found. It seems probable that these spots repre¬ 
sent occasional survivals and division products of iX cells with two Theta 
duplications produced from crossing over between the right end of an X 
chromosome and Theta. The same explanation applies to at least two of 
the three male-colored spots recorded in line 4 of table 15. 


Table 18 

The sexual coloration in critical spots from experiments involving v, sn^ Mn, and Q 

{see tables rj, 17) 
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It is in agreement with this assumption that the sr? male spots are not 
found in experiments 2 and 4 where they are not expected and that like¬ 
wise the -|- male spots are not found in experiments i and 3 w’here they 
should not occur. The very small numbers of critical spots in experiments 
2 and 3 diminish somewhat the weight of these facts. 

The analysis of this group of experiments furnishes independent evi¬ 
dence of: 

(1) the occurrence of equational segregation of the fibre points as the 
main, if not the only type; 

(2) the frequent occurrence of somatic crossing over between the 
homologous right regions of the Theta duplication and the X chromo¬ 
somes; 

(3) the lower frequency of somatic crossing over between the homolo¬ 
gous left regions of the Theta duplication and the X chromosomes and 
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(4) the low frequency of crossing over away from the fibre point region 
in experiments involving Mn. 

Points (2) and (4) are probably connected causally. 

AUTOSOMAL MOSAIC'S 

Somatic autosomal crossing over and segregation 

As has been referred to earlier, spots affecting autosomal characters 
have been found to occur in flies which carry autosomal Minutes. In a pre- 

TvBLli. IQ 

Frequencies of autosomal spot^ in experiments i^>it/i My, Muk and Af 
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Spot on d': I. 

Spot on sex unknown: i 

All these had setae. In one of them the setae were very small in addition. 

liminary communication (Stern 1927b) an explanation for these spots was 
offered which was modeled after the hypothesis of chromosome elimina¬ 
tion. A reinterpretation is now necessary in the light of our present knowl¬ 
edge regarding somatic segregation. The experiments to be discussed con¬ 
cern mosaic spots which have occurred in flies heterozygous for the third 
chromosome dominant Minutes My, Mw, and Jlffl. The spots were recog¬ 
nized as areas exhibiting the phenotj^pe of recessive alleles which were 
present in the zygote in the heterozygous state only. No third chromosome 





SOMATIC CROSSING OVER 679 

mutants which are distinguishable in every single micro- or macrochaeta, 
like the sex-linked mutants y and sfi^, wxTe available but the absence of the 
dominant Minute is recognizable in a single macrochaeta as is the absence 
of the dominant gene Stubble {Sh, III, 58.2). The recognition of the other 
genes used depends on the occurrence of multicellular areas in certain 
regions of the head and thorax. 

In comparing the frequencies of autosomal spots (table 19) with those 
of sex-linked mosaic areas it is necessary to remember the different prob¬ 
abilities of discovering spots which become visible whenever they include 
a seta and spots which are phenotypically apparent under certain con¬ 
ditions only. It is, however obvious that the frequency of third chromo¬ 
some spots is considerably lower than that of comparable sex-linked spots 
in Hies containing Mn or the Blond-Minute. 

A similar difficulty arises in an evaluation of the frequency of autosomal 
spots in Minute flies as compared to that of controls which contain no 
Minute factor. As can be seen from tables 20 24, a large number of spots 
in Minute flies were recognizable only by the ap{)earance of + bristles 
In not-Minute controls such areas would not be different from the rest of 
the fly. It is certain that on the whole the presence of autosomal Minutes 
increases the incidence of autosomal spots as shown by the fact that no 
spots were found in 7^^,^2 not-Minute individuals, controls of experiment 
I, nor in 2924 control flies in experiment 4. However, among the 5 &/ + 
controls of experiment 4 three individuals occurred each of which pos¬ 
sessed one not-Stubble bristle. 

Of the three Minute factors studied, the locus of My is to the left of the 
fibre attachment point at 40.4, while that of My and A //3 is to the right 
of this point, at 80± and 85.4 respectively. 

My. Two experiments involved My. In the first. My was present in one 
chromosc^me, while the following recessives were present in the homologous 
third chromosome: m, 0.0 roughoid; //, 26.5 hairy; ///, 42.2 thread; 44.0 
scarlet; 48.0 peach; cz/, 50.0 curled; sr, 62.0, stripe; r% 70.7, sooty. 
Phenotypically, such flies show only the Minute bristle condition. 1 able 20 
indicates that 66 spots were found. In all cases (57 out of 66) where the 
spots enclosed one or more macrochaetae it was seen that these setae were 
normal in length, indicating the absence of My. Whenever the spots 
covered an area which in a fly homozygous for h would exhibit the extra¬ 
hair pffect of this recessive gene extra hairs were present indicating the 
absence of the normal allele of h (45 cases). In 8 out of 9 cases, where the 
spot involved part of an eye, the recessive characters roughoid eye- 
texture and scarlet eye-color were visible, indicating the absence of the 
normal alleles of these genes. The arista of one antenna was involved 6 
times and presented the phenotype of “thread,” indicating the absence of 
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this gene's normal allele. In contrast to the appearance of the phenotypes 
of rw, /r, th^ st, and no spot presented the phenotypes peach eye-color 
and stripe and sooty body coloration. Peach would have been recognized 
in the 9 spots which covered part of an eye and sooty or stripe and sooty 
would have been recognizable in more than 20 spots. The phenotype curled 
wing did not occur either, but it is unknown if this is an autonomous char¬ 
acter which would appear in mosaic spots. 

While the foregoing description has taken account of each gene by itself, 
many spots in reality permitted the determination of the presence or ab- 

T vble 20 

SpQh on My/ru h th st sr jlm (cf. table 17). 
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sence of more than one character at the same time. This is to a certain 
degree obvious from an inspection of table 20. As a whole the findings 
show that spots produced in My flies exhibit all those recessive genes 
which are located in the carrying third chromosome to the left of a 
point between 5/ and p and that the spots do not exhibit phenotypes of 
any genes located to the right of this point. The only exception is repre¬ 
sented by one spot which covered part of the head and showed the pheno¬ 
type h, stf and but not that of ru. 

The second experiment which involved My concerned flies of the con¬ 
stitution My/Sb, with the phenotype Minute-y Stubble bristles (table 21). 


Table 21 

Spots on My/Sh flies (cf. table 17). 
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There were 13 aberrant areas. In 9 cases the phenotype My had dis¬ 
appeared, while that of Stubble was still present, in 3 cases the reverse 
was true, resulting in Minute, not-Stubble bristles. The 13th spot was 
formed by one bristle, which showed both Minute and Stubble characters 
although in abnormal fashion. 

Mw. Before we discuss these mosaic spots induced by Minute-y, we 
shall describe the phenomena in flies possessing Minutes located in the 
right arm of the third chromosome. The largest experiment involved 
Minute-w, Sb, and the recessives ru, h, th, st, cu, sr, e‘, ca {ca. III, 100.7 
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claret; table 22: Sb Mw/ru h th si cu sr ca). In 73 out of the total of 84 
spots both Sh amd Mw had disappeared. Of these 73 spots 14 were large 
enough and were situated in suitable regions so that the presence or ab¬ 
sence of c" or e" and sr was recognizable; indeed, these genes, originally 
present in heterozygous condition only, were phenotypically obvious in 
all 14 cases, as well as in 4 more areas (not included in the 73 areas) which 
did not involve macrochaetae, so that their nature in respect to Sb and 
Mw could not be tested. Two spots involved part of the eye and 

were claret-colored. No single spot exhibited the phenotypes ru, It, Ih, or 
st, although ru and si would have been recognizable in 2 spots, h in at least 
9 spots, and th in i spot. In total, 73+4= 77 spots can be interpreted as 
exhibiting when possible the phenotypes of all recessive genes located in 
the -f carrying third chromosome to the right of a point between st and 


Tabu: 22 

Spots on Sh Miv/ru h th st cu sr e* ca jiies {cf table 77). 
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Sb, and they do not exhibit phenotypes of any genes located to the left 
of this spot, 'rhese findings are completely opposite to the findings regard¬ 
ing My. 

There occurred 7 exceptional spots. They agreed with the rest by not 
exhibiting any genes located to the left of the region noted (1 case: 
but dilTered by showing either or bristles and in addition 

neither sr nor e’ (i case). 

A corroboration of these results is provided by 11 spots in flies of the 
constitution Mw/ru It th st pf* cu sr and 5 spots in flies of the constitution 
Mw/h th st sr ru ca (table 23). In 13 cases the recessive genes of the right 
half of the + third chromosome were visible ( + ^^, e\ or sr, e" according 
to the region involved). In 6 out of these 13 cases the phenotypic absence 
of the left arm gene h was evident although its presence would have been 
recognizable. While these results agree with the general deduction which 
has just been made, the remaining 3 mosaic areas were exceptional again. 
They did not exhibit the phenotypes sr and in spite of location on suit¬ 
able thorax regions. In two of these spots it could be ascertained that h 
did not appear. This finding agrees with that in all other spots. 

A last experiment involving Mw concerned flies of the constitution 
Sb/Mw (419 individuals). Only 3 spots were found, two of which were 
phenotypically Sb+^ (i doubtful), the third being +^^M. 

An experiment in which M ^ was present is reported in table 24. Of a 
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Spots on MivJlici (cf table if) 
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total of 7 spots 6 exhibited suitable recessive genes located in the right 
arm of the not-Minute third chromosome, while no spot with genes lo¬ 
cated in the left arm appeared (i spot was definitely +M. fhe seventh 
mosaic area was exceptional in having +bristles but also +' 

coloration {h did not appear either). 

All findings regarding autosomal mosaic areas in flies carrying third 
chromosome Minutes can be summarized in the following slatem(*nts: 

(1) Spots exhibit only phenotypes of recessive genes, which are located 
in one arm of the not-Minute carrying chromosome. If the Minute factor 
is in the left arm of the third chromosome (My), only recessive genes in 
the left arm become visible; if the Minute factor is located in the right 
arm (Mw^ M(i)y only recessive genes in the right arm exhibit their elTect. 

(2) In the majority of spots all genes located in the respective arm arc 
involved. 

(3) A smaller number of spots exhibits only the phenotypes of some 
genes located in one arm. 

^Originally these findings were explained by the elimination assumption. 
That arm of the Minute-bearing chromosome or part of it in which the 
Minute is located was thought to be broken off and lost from the cell. The 
following considerations make this assumption untenable now: (a) the 
one spot reported in table 20, which exhibited //, st, and + but not m 
can be explained by elimination only if one assumes the loss not of a whole 
arm or a whole end section of the chromosome but of a middle piece. Such 
a process would necessitate special assumptions with regard to elimination 
which seem rather artificial. It should be mentioned, however, that a slight 
possibility exists that the absence of the phenotype ru in the eye-spot may 
not really indicate the presence of the dominant but may conceivably 
be an extreme phenotypic variation of the somewhat variable expression 

Table 24 

Spots in M^jru h th st cu e* ca flies {cf. table ig). 
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of ru. (b) As will be shown below, the occurrence of autosomal spots can 
be interpreted by the theory of somatic crossing over in autosomes. As the 
theory of somatic crossing over has been proven to be superior in the case 
of sexdinked mosaics, it is a priori probable that it holds also for auto¬ 
somes. A direct test w^hich would be provided by a demonstration of 
autosomal twin spots cannot be given, since autosomal spots occur hardly 
at all in not-Minut(‘ flies, while in Minute flies one of the segregation 
products after somatic crossing over becomes homozygous for the Minute 
factor and is not viable. 1'hus only a single, not a twin, mosaic area can 
appear. 

(Granting the validity of the theory of autosomal somatic crossing over 
and segregation, a detailed analysis of the data yields an unexpected re¬ 
sult. We consider first those cases which form the majority and which 
demonstrate that the region of somatic crossing over is restricted to the 
neighborhood of the spindle fibre point. This point in the third chromo¬ 
some is located in the middle, between scarlet (44.0) and pink (48.0, peach 
is an allele of pink). It was just this interval in experiment i (table 20) 
which divided the genes whose phenotypes appear in mosaic areas from 
those which did not a])pear; in experiment 3 (table 22) where the critical 
region could not be narrowed down as completely, but could only be said 
to lie within the interval st (44.0) to Sb (58.2) the spindle fibre point is 
again included. Restricting our analysis to single crossovers between two 
of four strands only, there are four possible crossing over and segregation 
processes which lead to the appearance of somatic areas: 

(1) Crossing over to the left of the fibre point. 

(x) If A B S' C' I) a b S- e d is the original constitution of the auto¬ 
somes, S' and S- representing homologous fibre points, segregation of the 
four chromatids after crossing over with normal equational separation ot 
the daughter fibres (x) yields: A B S' C’ D/A S- c rf and a b S' C D/a b 
S- c d. The atter constitution would be visible as a mosaic area exhibiting 
a and b. 

(y) Non-disjunctional separation of the daughter fibres (y) yields A B 
S' C D/a b S' C D and A B S- c d/a 6 S- c d, the latter exhibiting c and d, 

(2) Crossing over to the right of the fibre point. 

(x) segregation results in A B "S* C D/a b S- C D and A B c d/a b 
c (/, yielding a spot c d. 

(y) segregation results in 4 S' C D/A B c d and a b C D/a b 
c d, yielding a spot a b. 

An a b spot therefore occurs either as a consequence of crossing over to 
the left of the fibre point and equational fibre segregation (process ix) or 
as a consequence of crossing over to the right and non-disjunctional sep¬ 
aration (process ay). Correspondingly a spot c d occurs either in conse- 
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quence of crossing over to the right of the fibre point and equational fibre 
segregation (process ax) or after crossing over to the left of the fibre point 
and non-disjunctional separation (process ly). It is believed that only one 
of each alternative is actually realized and that this involves normal equa¬ 
tional separation of daughter fibre points. Reasons for this assumption 
are (i) the analogy with somatic segregation of X chromosomes in which 
equational separation has been demonstrated to be the rule and (2) the 
demonstration to be given in the next paragraph that equational separa¬ 
tion of fibre points is the only method followed after somatic crossing over 
distal to the fibre region in the third chromosome. 

An analysis of the smaller group of spots which exhibit only the pheno¬ 
types of some genes located in one third chromosome arm leads to an 
interpretation which considers these areas as caused by consequence of 
crossing over in regions other than that including the spindle fibre point. 
Single crossovers are sufficient to yield the different spots reported in 
columns 6, 7 and 8 of table 22, and the last columns of tables 2.^ and 25. 
All these spots occurred in experiments which involved Minute factors in 
the right arm of the chromosome. I'he locus of crossing over can be placed 
to the right of e (70.7) and to the left of Mw (80.0) or M(i (85.4) respec¬ 
tively; this is judged from the fact that all recessive loci to the left of the 
e-M region failed to appear in mosaic areas, while those to the right did 
appear. Non-disjunctional segregation would have yielded areas which 
exhibit all recessive genes located to the left of the crossover point, thus 
including loci from both arms of the chromosome. But no such areas did 
occur. It can be demonstrated that these cases of somatic crossing over 
can have been followed only by equational fibre point segregation which 
would lead to the observed types of spots. 

There remains a discussion of the few spots not yet dealt with. If the 
one h st+’^ spot of table 20 can be regarded as genotypically as indi¬ 
cated by its phenotype, a case of double crossing over would be repre¬ 
sented, the crossover points being located in the regions ru-h and st-p. 
A double crossover between the fibre point and Sh and between Sb and 
Mw would explain the +^'^'’Mw spots of table 22 and the -{■^'‘Mw spot 
mentioned in the last paragraph of the section on Mw. The My-|-®‘ areas 
recorded in table 21 can be regarded as crossover products to the right 
of the fibre point. Such spontaneous crossovers are believed also to be the 
explanation of the occasional occurrence of -l-^‘ spots in not-Minute flies 
(table 19 (4), control). An alternative explanation assuming crossing over 
to the left of the fibre point would demand non-disjunctional fibre seg¬ 
regation. For the exceptional spot recorded in the last column of table 
21 and the M-like spot among the controls of experiment 4, table 
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19, no discussion of hypothetical interpretations seems warranted. 

The unexpected result brought out in the analysis of areas involving 
third chromosome genes consists in the definite correlation between the 
location of the Minute factor in the left or right arm of the chromosome 
and the corresponding location of the crossover point. No well-founded 
theory of this relation can be given. 

In addition, it seems noteworthy that the distribution of crossovers 
along the chromosome is greatly changed as compared to germinal cross¬ 
ing over. The great majority of somatic crossovers seems to fall within the 
interval st-p which comprises less than four per cent of all germinal cross¬ 
overs. As this interval encloses the fibre attachment point it represents the 
region adjacent to this point. 'Fhe concentration of somatic crossovers in 
these regions parallels our former findings concerning the massing of 
somatic crossovers in the region adjacent to the fibre point of the X 
chromosome. 

The occurrence of autosomal crossing; over in females and males ^ 

Autosomal mosaic areas appeared both on females and on males. 
Somatic crossing over in autosomes is thus shown to occur in both sexes. 
HowTver, it is seen from table ig that a probably significant lower fre¬ 
quency was found in the males. 

It may be added that an experiment was made to test th( question 
whether an autosomal Minute would induce crossing over in its chromo¬ 
some in the germ cells of males. Males of the constitution Mwjh st cii, sr, 

ca were backcrossed to homozygous // st cu sr e" ca females. None of the 
4151 Fi individuals were crossovers (class Mw— 20^2, class h st cu sr c* 
ca = 2059), There is then either no effect of Mw or the effect is too small 
to become apparent in this sample of more than 4000 flies. The experi¬ 
ments on induction of crossing over in the male of Drosophila melanogaster 
by Friesen (1934), Patterson and Suche (1934) and A. F. Shull and 
Whittinghill (1934) by means of X-rays or heat yielded positive results 
with much smaller numbers. 

MOSAIC AREAS IN FLIES HETEROZYGOUS FOR 
X CHROMOSOME INVERSIONS 

Whenever an X chromosome was present in our experiments which 
carried the bobbed-deficiency, described by Sivertzev-Dobzhansky and 
Dobzhansky (1933), unexpected peculiarities relating to mosaic areas 
were found. Attempts at interpretation met difficulties until it became 
known that the chromosome, besides lacking a section of a normal 
X chromosome, carries a long inversion with the end points at 9+ and 



Table 25a 

Spots in experimefUs involving primarily y, and hb^^. No V chromosome present. 


686 


CURT STERN 


4- 


at 

! 


N 



W 


j PC o o* 

I PC\0 PC 



'O 00 « 

PC 


I 


■ Q PC W 
2 




N 


PC 


10 



•©0 

00 


(©e 

>p 


p< 





i I 

« a 




SOMA'riC CROSSING OVER 


687 

64+ (Beadlk and Sti^rtkvant 1935). the basis of this fact an ex¬ 
planation of the observed spots could be given. Furthermore, in the course 
of working with flies containing it was found that stocks fre¬ 
quently contained supernumerary Y chromosomes as had been described 
for an independent b¥^f stock by Gershenson (1933). This led to the 
discovery of a striking influence of the Y chromosome on somatic crossing 
over. Accordingly the results for each experiment involving a known con¬ 
stitution of the X chromosomes will be given separately for those cases 
in which no Y chromosome was present in the females and those in which 
a Y chromsome was present. Special crosses had to be undertaken in order 
to assure the absence or the presence of an extra Y chromosome and in 
many cases progeny tests were carried out as independent tests. 

Experiments involving y, sn^, and bb^^; no 
Y chromosome present 

As in foregoing analyses, all four possible combinations of the three 
allelic pairs were secured so that any interpretation has to stand a four¬ 
fold test. The results are given in tables 25a and b. If we compare them 
with the similar experiments involving y and sn^ recorded in tables 5 and 
8 we note (a) the relatively low number of spots with 2 or more setae, 
(b) the relatively low number of twin spots in experiments i and 3, (c) 
the relatively high number of spots other than y S 7 i^ in experiments 2 and 
4. A further very striking fact is not indicated in table 25: although the 
setae in non-mosaic areas were of normal size, the majority of y sn^ setae 
in experiment 2 and of the sn^ setae in experiment 3 were of very small 
size varying from fine, thin structures to larger but still distinctly sub¬ 
normal ones. A similar picture was presented by many y setae in experi¬ 
ment I. It was different with at least part of the y setae in experiments 2 
and 3, as well as with most of the different setae in experiment 4; they 
were of normal size. 

The explanation of these phenomena is based on McClintock^s (1933) 
cytological findings with reference to crossing over involving chromosome 
inversions. Her results have been confirmed by later workers (MtiNXziNG 
1934; Smith 1935; Mather 1935; HAkansson 1936) and have been ap¬ 
plied to a genetic analysis by Beadle and Sturtevant (1935). We shall 
restrict our discussion to the consideration of single crossovers and equa- 
tional fibre point segregation, processes which can account for the great 
majority of spots. Crossing over can occur ip two different sections of the 
X chromosome, outside the inerted region and inside. The first section 
in a chromosome carrying the inversion is formed by the left end of 
the X chromosome, from y to about the locus 9, the second section by the 
rest of the chromosome. Whenever somatic crossing over occurs between 
the left ends of the chromosomes we obtain the same results as discussed 
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Experiment &o. Anaphase position I fragmentcctiond) I fmgmentationCD 



FiGxnuE 10 a, b. Four experiments involving 3^, and (See tables 25-27, experiments i, 2, 
3,4.) The results of x-segregation after crossing over to the left ( 1 ) and to the right (r) of sn^ and 
of fragmentation of the chromatid with two fibre points to the left (1) and to the right (r) of sn^. 
Ihe lines {indicate the end points of the inverted region. 
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Figure 10b (see opposite) 
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in an earlier chapter, namely, in all four experiments, the appearance of 
single y spots. The spots contain two X chromosomes and the phenotype 
of these y setae is expected to be normal. Part of the y spots with setae of 
normal length are believed to have originated in this way. 

A very different situation is produced as a consequence of somatic cross¬ 
ing over within the inverted region (fig. 10). If crossing over occurs at a 
four strand stage, two normal non-crossover strands will be formed, while 
the two other strands will yield one strand containing no spindle fibre point 
and one containing one fibre point on each end (fig. 10). If segregation is 
accomplished by equational disjunction of sister fibre points, two possible 
distributions result. 


Table 25b 

Sexual coloration of critical spots from table 25a. 


EXP. 

«n* 

y 


y 

+ 


TOTAL 

NO o' COL. cf* COL. 

NO o' COL. 

o' COL. 

(f* roL. 

cf COL. 

NO o' COL. cf COL. 

lb 

c 

T - 

5 2 

9 

— 

— 

t 

15 

3 

2 

— — 

1 

— 

- 

I 

I 

I 

4 

— — 

1 

— 

I 

— 

z 

I 

Totals 






17 

5 


(1) Segregation (z). Both non-c;rossover strands go to one pole and the 
crossover products to the other pole. The chromatid without any attach¬ 
ment is expected to be eliminated. In this case one cell obtains a constitu¬ 
tion not different from that of any non-crossover cell, while the other cell 
will receive the chromatid with two attachment points. This cell will lack 
completely the left end of the X chromosome and presumably would not 
give rise to a viable product. Thus, segregation (z) would not yield visible 
mosaic areas. 

(2) Segregation (x). In this case the two non-crossover chromatids 
segregate to opposite poles, while the chromatid with two attachment 
points becomes oriented parallel to the spindle axis in such a way that 
sister fibre points are directed toward opposite poles. The chromatid with¬ 
out any fibre point is again regarded as being left in the middle of the 
mitotic figure and thus eliminated. There are two ways by which such a 
process might result in two daughter nuclei. 

First, it is possible that the double-fibre-point chromatid will not be 
included in the nuclei and so be eliminated. In this case cel s with the 
following constitutions will be formed: 
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In experiment (i) twin cells with y and sn® 

“ (2) “ y sn^bb^^ and + 

“ (3) “ snHb^Undy 

(4) bb^Undysn^ 

In all cases only one X chromosome will be present in each nucleus. The 
cells with bb^^ are not expected to survive. Thus single mosaic areas would 
be formed of the constitutions sn^, +, y, or y sn^. Actually a process of 
elimination cannot account for more than a very small number of spots, 
at best. For it does not account at all (a') for the abnormally small size of 
setae in the majority of spots, (b') for the spots in experiment i (125 
out of 209), (c') for none except 1 spot (out of 37) in experiment 2, (d') for 
the spots in experiment 3 (36 out of 70), (e') for the not-y sn^ spots in 
experiment 4 (9 out of 15), and (f) for the fact (table 2sb) that out of a 
total of 22 spots in which the sex could be determined only 5 showed male 
coloration whereas the elimination process should lead to male spots only. 
The same arguments dispose also of the possibility that the two-fibre- 
point chromatid as a whole often becomes included in one of the daughter 
nuclei. In such cases the sister nucleus would have a iX constitution as 
outlined above. 

Let us therefore consider a second possibility. Again we regard the case 
that the two non-crossover chromatids go to opposite poles and that the 
two-fibre-point chromatid is arranged so that sister fibre points of the 
chromosome group segregate equationally. The two-fibre chromatid will 
then be subjected to conflicting forces, one end with its fibre attachment 
“pulling” in the opposite direction from the other. On the basis of the 
cytological observations of the authors named above, who studied two- 
fibre chromatids in meiosis we assume that the two-fibre chromatid breaks 
at some point under the stress and that the two fragments become in¬ 
cluded, each in one daughter nucleus. Such a hypothesis leaves room for 
two pairs of alternative possibilities resulting in four types of areas to be 
expected (fig, 10). The two-fibre chromatid will either contain sn^ or 
according to the region in which crossing over occurs in the inverted sec¬ 
tion, namely to the left of sn^ (as measured in the non-inverted chromo¬ 
some) or to the right of it. Also, the fragmentation break can fall on either 
side of the locus of sn^. The consequences of these four possible occurrences 
are given in figure 10. Sister cells originate in each case which possess 
one complete X chromosome (disregarding the deficiency for bh) and one 
X fragment of varying length. 

No prediction can be made as to the relative frequencies of the four 
processes. Crossing over to the left of sn^ can occur in the section from 
locus 9~2i only, while crossing over to the right can occur between the 
loci 21 and 64, This fact would seem strongly in favor of crossing over to 
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the right of the locus. But as both the region to the left and to the 
right of s«* extends up to a fibre point in one of the two chromosomes the 
incidence of crossing over on the two sides of sm® might tend to become 
more equal. The presence of the introduces another factor of unknown 
influence. With regard to the fragmentation break it may seem that it 
should preferably fall to the “right” of the sn^ locus (measured in com¬ 
parison to the non-in verted chromosome), the more so as the “right” 
section is not only so much longer than the “left” one but includes in 
addition to the active region the long inert part which on account of the 
i>ft-deficiency is absent on the other side of s«®. However, no a priori 
reasoning should be applied to this situation because the effect of the inert 
material on the mechanical properties of the X chromosome is an open 
question since Schultz’s (1936) and Offermann’s (1936) discovery of 
visible cytological differences in X chromosomes lying in salivary gland 
nuclei with or without extra inert material. 

If we want to compare our actual findings with the expectations from 
the proposed scheme we must call attention to one more point. All nuclei 
originating from the different processes possess unbalanced X-chromo- 
somal constitutions. Each contains only once the normal left end of the 
X chromosome, from y to the beginning of the inversion, but each con¬ 
tains certain other regions in duplicated condition, once in the non-cross¬ 
over chromatid and once in the chromosome fragment. 'I'he degree of un¬ 
balance is variable according to the breakage point of the fragmenting 
chromatid. Zygotes with such unbalanced constitution will, in most cases, 
not be able to give rise to viable individuals, but it is permissible to assume 
a certain degree of viability of hypodermal areas. This leads us to expect 
mosaic areas originating from these processes to be small in size and 
covered with setae of varying degrees of abnormal growth. In many cases 
it is to be anticipated that the viability of two sister cells is different so 
that only one will be able to give rise to a mosaic area. Three striking phe¬ 
nomena regarding table 25a are seen at once to be in agreement with such 
expectations, namely the facts (a) “relatively low number of spots with 
2 or more setae in experiment 2 and 4,” the fact (b) “relatively low number 
of twin spots in experiments i and 3,” and the finding that the majority 
of setae were abnormally small. Furthermore the genetic type of spots 
found in each of the four experiments agrees with the expectations (fig. 
10). Only very few spots occur which cannot be accounted for on the as¬ 
sumption of single crossing over within the inversion and fragmentation 
of the two-fibre-point chromatid; but these spots are to be expected from 
crossing over outside of the inversion and from multiple crossovers. It 
cannot be stated with certainty whether the four theoretical possibilities 
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concerning the region of crossing over and of fragmentation are all real¬ 
ized. Experiment 2 indicates that the great majority of spots, the y sn^ 
spots, originated as a result of one or all of the processes “crossing over to 
the left of j«®, fragmentation break to the right of sn^” (l,r), “crossing over 
right, fragmentation left” (r,l), and “crossing over right, fragmentation 
right” (r,r). The y spots with small setae, which occurred in the same 
experiment, point to the occurrence of the fourth process “crossing over 
left, fragmentation left” ( 1 , 1 ). In experiment 4 the presence of y spots 
seems to point to the occurrence of process r,r. If then we take the repre¬ 
sentation of processes 1,1 and r,r for granted, we have established the 
position of crossover and of fragmentation points to both sides of sr? in 
two combinations. There seems no objection to the assumption that the 
two other combinations, l,r and r,l are also realized. An attempt to evalu¬ 
ate the frequency of the four tj’pes on the basis of the actual data fails 
due to the variability of the results. 

The total frequency of spots is higher in experiments 1 and 3, namely 
10 per cent and 8 (or 6) per cent, respectively, as compared to experiments 
2 and 4 where it is 4 and 2 per cent. This agrees in a general way with the 
fact (fig. 10) that in experiments i and 3, 7 out of the 8 segregational con¬ 
stitutions can potentially give rise to visible mosaic areas, while in experi¬ 
ments I and 4 only 4 out of the 8 constitutions can lead to visible spots. 

Table 25b showed that 17 out of 22 spots in which the sex could be 
recognized were female and the remaining 5 were male. In these experi¬ 
ments both types of spots are to be expected, for a very short fragment in 
addition to the one X chromatid should result in a male spot and the pres¬ 
ence of a longer fragment in a female spot. 

Summary: The hypothesis of somatic crossing over in a heterozygous 
inversion accounts for the observed mosaic spots if it is assumed that the 
resulting chromatid without any fibre point is eliminated and the chro¬ 
matid with two fibre points is fragmented so that each of the two frag¬ 
ments with its fibre point is included in a daughter nucleus. 

Experiments involving y, and bb'^^; a Y 
chromosome present 

Females with essentially the same constitution in regard to X-chromo- 
somal genes as those reported in the preceding chapter, but possessing a 
Y chromosome, were obtained and exhibited the spots summarized in 
tables 26a, b. A comparison of the two groups, without and with Y chromo¬ 
some (table 27) yields three results: 

(a) The presence of a Y chromosome increases the frequency of spot¬ 
ting. The percentages for the four pairs of experiments are: 
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All flies in exp. la contained an autosomal Minute. In exp. ib and 4 the constitution in regard to the 6&-locus was h\P^jhh. 



SOMATIC CROSSING OVER 


69s 


Experiment Without Y With Y 

1 10 39 

2 4 29 

3 8 (or 6) 12 

426 


(b) The relative frequencies of different types of spots are changed by 
the presence of a Y chromosome. 

(c) No phenotypes of spots in flies carrying a Y chromosome occur 
which did not also occur in flies without a Y chromosome. 

A closer examination shows that the increase of total frequency of spots 
under the influence of a Y chromosome is mainly due to the rise of one 
particular class in each experiment. The classes with the heightened fre¬ 
quency are in experiment i: y; in 2: y in 3: In experiment 4 two 

classes, and y, have been increased. 


Table 26b 

Sexual coloration of critical spots from table 26a. 



««* 

(f (m. 

y 

NO cf COL. 

y an® 


TOTAL 

NO cf COL. C?* COL. 

NO <f COL. 

o' COL. 
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1 

0 

2 
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I 

27 

I 

3 

I 

1 

— 

— 

I 

1 

4 

— 

6 

I 

I 

7 

I 

Total 





36 

3 


* This spot comprised a large part of the abdomen. 


The data can be accounted for by the hypothesis that the presence of a 
Y chromosome leads to a higher frequency of the crossing over and frag¬ 
mentation process r,r (fig. lo). This is obvious in experiments i and 2 
where only y and y spots will become more numerous. In experiment 3 
where the process r,r results in y and sister cells the further assumption 
is necessary that the viability of the y segregate is so much lower than 
that of the sn^ segregate as to result mainly in sn* single spots. This as¬ 
sumption is compatible with the data in experiments i and 2. In experi¬ 
ment 4 the hypothesis leads to the ejqpectation of an increase in -|- segre¬ 
gates which are not recognizable. According to this the higher frequency 
of sn^ and y spots in 4 has to be accounted for in a different way. No ex¬ 
planation for this increase will be advanced as the rather low numbers 
would make any attempt unsafe. But it may be pointed out that apart 
from the very striking increase of the classes y and in experiments i 
and 2, a slight increase is visible also in the percentage of some other spots. 
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The spots occurring in experiments with the Y chromosome are larger 
than in those without a Y chromosome (tables 25a and 26a). This is re¬ 
flected especially in the fact that 70 out of 123 y sn^ spots in experiment i, 
table 26a, covered 2 or more setae. The significance of this result is doubt¬ 
ful. 

The interpretation of the influence of a Y chromosome on somatic cross¬ 
ing over by means of a preferential increase in process r,r leaves still open 
the question as to the underlying mechanism. The occurrence of segrega- 
tional products in connection with the process r,r is dependent on three 
conditions: (i) crossing over to the right of sn^ and (2) fragmentation to 
the “right” of sn^. Both conditions must be involved in causing the increase 


Table 27 

Summary of spots from experiments involving primarily y, sn^, and hhPt, mthoul or 
with the presence of a I’ chromosome. Details in tables 25, 2 ( 5 . 


KXP. 

CONST. 

IND. 

SPOTS 

% 

SPOTS 

an* 

y 

y 

y-an^ 

y-y an* 

Cf COL. 
+ 


y bb^^/sn^ 

2029 

2 II 

10 

74 

122 

— 

13 

— 

2 

I 

y bb’^if'sn^ Y 

180 

71 

39 

7 

64 

— 

— 

“““ 

— 


y sn^ 

838 

37 

4 

2 

12 

21 

— 

1 

I 

2 

yst^blpi/+\ 

S07 

145 

29 

6 

14 

123 


2 

— 


sn’ blPl/y 

872 

70 

8(6) 

31 

34 

— 

5 

—- 

— 

3 

st^ bifil/y y 

4 S 8 

57 

12 

37 

17 

— 

3 

— 

— 


bb^^Jy sn* 

740 

15 

'2 

2 

6 

6 

— 

— 

1 

4 

bb^^ly sn^ Y 

863 

50 

6 

16 

27 

7 

— 

— 

— 


of the process r,r; higher frequency of condition i can be effective only if 
accompanied by higher frequency of 2. A rise of 2 by itself would not be 
compatible with the observed total increase of spots as it would mean only 
an increase in number of r,r processes at the cost of a decline of r,l. The 
result of these deductions is the hypothesis that the influence of a Y 
chromosome on the frequency of certain spots is accomplished by an in¬ 
crease in the frequency of somatic crossing over to the right of s»* (in the 
normal X chromosome) combined with an increase in fragmentation fre¬ 
quency in that part of the two-fibre-point chromatid which lies between 
5«* and the normal (not-bb^f) end of the chromatid. A third element, a 
possible rise in the frequency of x-segregation at the expense of z-segrega- 
tion can at best be only an additional factor. Further data regarding the 
influence of a Y chromosome will be discussed in following chapters. 
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An exceptional case of segregation in experiments involving 
y, sn^y and an extra Y chromosome 

All fourteen experiments recorded in tables 2sa and 26a gave results 
which agreed among each other. A fifteenth experiment, however, had a 
fundamentally different outcome. The flies in this case were of the same 
constitution as those in “experiment i with Y,” namely y bb^^/sn^; Y. 
They also contained the autosomal Minute 33]’ in heterozygous constitu¬ 
tion, but so did many of the females of experiment la, table 26a, first line. 
Table 28 records the results which were obtained from a set of 7 cultures 


Table 28 

Spots from an exceptional experiment involving y, and a V chromosome. 


IND. 

SPOTS 

% 


V 


y-sn^ 


SEX or SPOTS 
(all y)* 

NO cf* COL. cT COL. 

2 j 

2 

>2 

>2 

>2 

146 

277 

I9I 

I 98 

I 

59 

272 

"St 

3 

3 

i(?) 

i(?) 

4 33 t 


* In addition: i spot of the y-sn^ twin spots showed 9 coloration in the sti'^ part. 

t I spot possibly belongs to the y-sn^ twin spot class 

t I spot which covered the 6th right tergite had 9 coloration laterally but not toward the 
median. 

with two or three female and three male parents each. They were started 
several months apart from the experiments of table 26a. 

The results deviate in three ways from those discussed in the last chap¬ 
ter: (a) 272 out of 277 spots belong to only one class; (b) the setae in 
spots were of normal size; (c) 33 out of 37 y spots were of male constitution. 

It is unknown in which respect the flies in this experiment deviated fun¬ 
damentally from those discussed above. That they contained a y and 
a X chromosome as well as a Y chromosome is certain, both from the 
parental constitutions and from progeny tests of 10 individuals. Although 
it has not yet been possible to duplicate the results they have been pre¬ 
sented here as the numbers involved leave no doubt as to their significance. 
Besides, it is possible to account for them by the following assumptions: 
if, for reasons unknown, pairing between the genetically active regions of 
the two X chromosomes was inhibited and if pairing and somatic crossing 
over between the homologous regions of the X and Y occurred, then only 
the bearing X and the Y would be involved. This is because the bb^f 
chromosome lacks the region which finds its homologue in the Y chromo¬ 
some. EquationaJ segregation of the three pairs of fibre points will result in 
a y W®/ chromatid going to each pole and in addition, in case of x-segrega- 
tion of the crossover tetrad, in two X chromatids going to one pole 
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and two Y chromatids going to the other pole (fig. ii). The result will be 
3X and iX sister cells. The 3X cells and their descendants do not form 
visibly mosaic areas on account of their normal phenotype, while the iX 
cells form y areas. The size of setae in these areas is normal, as the de¬ 
ficiency for bh in the X chromosome is “covered” by the Y chromosomes 
and no extra X chromosome fragment is present. The sex of y spots, if 
recognizable, will be male. It is obvious that the hypothesis fits most of 
the facts but it should be remembered that no independent tests of it 
are available at present. Spots other than y with male constitution may 



a b c 

Figure ii. An hypothesis to account for the exceptional results in an experiment with y 
hhP^Isn^; Yflies, a. The six chromatids (2 ; 2 normal X; 2 Y). b. Four non-crossover chromatids 

and two chromatids resulting from crossing over between one normal X chromatid and one Y 
chromatid, c. The result of x-segregation of the six chromatids. 


be thought to have originated in consequence of occasional crossing over 
between the X chromosomes as discussed in the foregoing chapter. 

Experiments involving y, sn*, and Theta; 
no Y chromosome present 

The h3qx)thesis of the formation of a chromatid with two fibre points 
through crossing over within the inverted section, and the subsequent 
fragmentation of this chromatid, provided an explanation of the observed 
mosaic areas. It may, however, be asked if the differences in types of spots 
which occurred in the experiments with bb'^f as compared with those in 
which no inversion was involved were really great enough to warrant 
the elaborate scheme presented. Although the evidence presented seems 
to be in agreement with the hypothesis, further data will be adduced in 
the following sections which strengthen it greatly. 

An analysis of the data given in table 29a, experiments i and 2 might 
profitably start with a comparison of the types and relative frequencies of 
spots in the experiments tabulated in table 13. There as here y, sn*, and 
Theta were involved and the only difference consists in the presence or 
absence of the chromosome aberration coimected with bb^f. The results 



Table 29a 

Spots in experiments involving primarily and 0, mithoul or with a Y chromosome. 
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Figure 12. Two experiments involving y, and Theta (table 29a). The results of 

X'Segregation after crossing over to the left ( 1 ) and to the right (r) of sn^ and of fragmentation of 
the chromatid with two fibre points to the left 0 ) and to the right (r) of sn*. The lines {indicate 
the end points of the inverted region. 

are fundamentally different. Whereas the numbers of different kinds of 
spots calculated as percentages of total number of spots in: 

Experiment (i) of table 13 were: 80 sn^; i^y; 3 y-sn^; 4 others, the per* 
centages in: 
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Experiment (i) of table 29a were: 54 22 y; t6 y-sn^\ 8 others. 

More striking still is the difference between the experiments 2 without 
or with 

‘ Experiment (2) table 13: 88 sn'^] iiy; j other. 

Experiment (2) table 29a: 4 sn^\ 85 y; 11 others. 

These differences become intelligible if one takes account of the nature 
of as representing both a deficiency for the inert region of the X 
chromosome and an inversion for most of the genetically active region. If 
we make the same assumptions regarding crossing over within the inverted 
section, segregation, and fragmentation as those used in the chapter 
preceding the last we arrive at the expectations presented in figure 12. 
It is apparent that only sn^ spots will be produced (not considering at 
present that some of the + type segregates may lead to areas with male 
constitution). However, in experiment 1, 45 per cent of the spots were 
not-v?;^''* and it is certain that even a large proportion of the 54 per cent 
sn^ spots have to be regarded as rudiments of y and twin spots. In 
experiment 2 the number of spots deviates still more from expectation. 
Only 2 out of 49 significant spots were Here the extreme rarity of sn^ 
spots does not necessarily indicate an equal rareness of crossing over 
within the inversion. If the most frequent process of crossing over and 
fragmentation is represented by the process r,r, as was the case in certain 
earlier experiments, then no sn^ spots will be produced by it in experiment 
2, although they would appear in experiment i (fig. 12). 

As crossing over within the inversion can at most account only for the 
occurrence of sn^ spots, other processes have to be looked for to furnish an 
explanation of the y single spots and y and sn^ twin spots. The small num¬ 
ber of such spots recorded in table 13 had been shown to be due to somatic 
crossing over between the Theta-duplication and the homologous region 
of the right end (mainly) of the X chromosomes. If we consider the same 
process for the present experiments, we find the following expectations 

(fig-13): 

(a) Crossing over between Theta and an X chromatid of the chromo¬ 
some not carrying bh’^f in experiment i leads to twin segregates with the 
constitutions y {sX.)-sn^ (iX, 2 Theta); in experiment 2 to twin segregates 
y (3X)-f (iX, 2 Theta). 

(b) Crossing over between Theta and a bb'*^ carrying X chromatid with 
equational z segregation in experiment i leads to y (3X)--h(iX, 2 Theta) 
twin segregates and in experiment 2 to y (3X)-j»* (iX, 2 Theta) twin 
segregates. 

Thus crossing over involving Theta explains the occurrence of y spots. 
Will it also account for the y-sn^ twin spots in experiment i? It will do 
so under the assumption that the viability of iX, 2 Theta segregates is 
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high enough to give rise to mosaic areas in a large number of cases. This 
assumption we had found justified during the analysis of experiments in¬ 
volving y, Mn, and Theta. We can rule out the occurrence of crossing 
over process b, as it leads to y-sn^ twin spots in experiment (2) which did 
not occur. This failure in crossing over between Theta and the right end 
of the chromosome is in agreement with the probably complete ab- 



Figoke 13. Two experiments involving y, sn*, bb^, and Theta (table 29a). The results of 
crossing over between the homologous right regions of Theta and the X chromosomes and of 
subsequent x- and z-segregation. 

sence of the homologous region in the deficient X chromosome. But if 
process a occurs in experiment i it accounts for the y-j«® twin spots, the 
y single spots (as rudiments of twin spots), and an unknown proportion of 
the 5»* single spots (also as rudiments of twin spots). In experiment 2 it 
causes the y spots. It might be added that crossing over between the left 
end of Theta and the homologous left end of the X chromosomes yields 
y (2X) spots in both experiments and may contribute to this class. 
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An independent test of our explanation is provided by a consideration of 
the sex of spots (table 29b). In experiment i, 35 sn^ spots had no male 
coloration, 7 showed male coloration, and in 34 cases a small spot of male 
coloration occurred near to the sn^ bristles. Singed-3 spots both with and 
without male coloration would be expected from crossing over within the 
inversion (fig. 12), according to the balance of sex factors brought about 
by the varying length of the duplicating fragment. In cases where cross¬ 
ing over within the inversion results in a not-male-coloration segregate, 
the twin segregate will often have a constitution leading to male- 
color areas. This may account for cases where a spot of male coloration 
was found near to sn^j not-male-colored regions. (It is probable that some 


Table 29b 

Sexual coloration of critical spots from table 2ga. 


NO. OF 
KXP IN 
TABUS 20a 
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4 -cf COL. 
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cf COL. 

NO cf COL cf COL. 

NO cf COL. 

(f COL. 
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7; near 34 

13 

27 

4 ; near 5 

13 
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3 

—; near 2 

I - 

3 

— 

— 

— 

2 

-- 

- 

6 ™ 

— 

— 

4 

2 

2' 

•(?) 

—; near i -* 

13 

I 

— 

18 
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In addition exp 2* i 9 col triple spot 

of these cases were sn^ male-colored single spots in which the sn^ tricho- 
genic cells have become isolated from the rest of the cells constituting the 
spot.) Finally, those sn^ spots which are rudiments of a y and sn^ twin 
segregate produced after crossing over between Theta and an X chromatid 
ought to be of male coloration. It is probable that some of the male- 
colored sn^ spots owe their origin to the last named process. 

All y spots in experiment i were of "no male color” (13 cases), in agree¬ 
ment with their expected 3X (or sometimes 2X) constitution. A dis¬ 
crepancy, however, exists in the cases of y-sn^ twin spots. The hypothesis 
calls for y areas with not-male-coloration and sn^ areas with male consti¬ 
tution. r'our such cases were found. Five more cases, in which a small spot 
of male coloration occurred near the twin areas may in reality be also of 
the expected y9,sn^& kind. But in the majority of critical y-stt^ spots, 
(27 cases), no male coloration was visible in either twin area. The exist¬ 
ence of this group raises doubts as to the validity of the present explana¬ 
tion. It is possible to make special assumptions to account for the unex¬ 
pected type but they will not be given as proof is lacking. 

The sex of spots in experiment 2 could be recognized in 8 y areas only. 
They were of not-male coloration in agreement with expectation and 2 
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were accompanied by an area of male coloration as demanded by segre¬ 
gation y (3X)—t-(iX, 2 Theta). 

No close analysis will be attempted for the observed single spots of 
normal setae with male coloration. Among other possibilities such spots 
are to be expected from crossing over within the inversion, and in experi¬ 
ment 2 as rudiments of twin spots from crossing over involving Theta. 

If, in spite of the discrepancy pointed out, the general explanation given 
is accepted, then we come to the conclusion that the most frequent type of 
somatic crossing over is that between the right end of the Theta duplica¬ 
tion and the homologous region of the not bearing X chromatids. 
In the experiments of table 13 this process is rare but it is understandable 
that its relative frequency is high when bb'^^ is present, for the following 
reasons. Normally the highest frequency of somatic crossing over occurs 
in the neighborhood of the fibre point. This region is abnormal in a bb^f 
chromosome lacking most or all of its inert section as w'ell as the bb locus 
and enclosing also one end point of the inversion. These conditions can be 
expected to interfere with pairing and crossing over of the right ends of 
the X chromosomes. But they should facilitate homologous pairing of the 
right end of the normal X chromosome with the homologous region of the 
Theta duplication. 

Apart from the high relative frequency of certain types of spots the 
absolute frequency of mosaic areas is unusually high in comparison with 
the similar experiments of table 25a. It may be suggested that the pres¬ 
ence of the Theta duplication is responsible for the difference. It contains 
inert material like a Y chromosome which, as shown above and again 
below, increases the total frequency of somatic crossing over. 

No explanation can be given for the further difference between the fre¬ 
quencies in experiments i and 2 of table 29a. 

Experiments involving y, bb^^ and Theta; a Y chromosome present 

The ability of a Y chromosome to increase the frequency of spots 
strongly is again demonstrated by a comparison in table 29a of experi¬ 
ments I and 2 with experiment i' and 2'. Under the influence of the Y 
chromosome the frequencies rise from 180 to 379 per cent and from 20 to 
83 per cent. No change in relative frequencies of the different types of 
spots occurred nor did new t3q)es of mosaic areas appear. The coloration 
of the spots in regard to sex (table 29b) showed features similar to those 
brought out in the preceding section. 

Apart from one discrepancy the experiments involving y, sn^, bb^*^, and 
Theta with or without a Y chromosome seem to confirm the explanation 
proposed for similar experiments in which Theta was not present. 

New facts were presented to show that, somatic crossing over frequently 



Table 30a 

Spots in experiments involving primarily y, sn\ Mn, bb^f, and 9 without or with a Y chromosome {see text). 
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* 51 of these were clearly and 9 Mn. 

t 71 of these were clearly and 19 Mn. 
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involves the Theta duplication and that the constitution iX, 2 Theta is 
viable in hypodermal spots. 

Experiments involving y, sn^, Mn, and Theta 

The conclusions arrived at in the last section are once more found to be 
in accordance with a series of experiments which contained Mn in addi¬ 
tion to the genes present in the last group. The results (table 30a) are in 
marked contrast to those of table i6a, where no bb^^ chromosome was in¬ 
volved; but they are of the kind to be expected from the theory developed 
in the last chapter. These experiments were partly made before the role 
of the Y chromosome in somatic crossing over was known. From inde¬ 
pendent evidence, however, it is most likely that no Y chromosomes were 
present in experiments i and 2 while an extra Y chromosome probably 
was present in experiment 4b. In experiments 3 and 4a it is certain that 
the females inspected had no Y chromosome and experiment 4c was de¬ 
vised in order that a Y chromosome should be present. 


Table 30b 

Sexual coloration of critical spots from Table ;^oa and from similar experiments. 
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t Determination of sex based on abdominal coloration in 26 spots; on wing length in 2 spots; 
wing length and sex comb in i spot; uf coloration in 10 spots. 

* Determination possible in the sn^ spot only. 


A short analysis on the basis of our previous findings follows (table 31); 

(a) Single crossing over within the inversion and followed by fragmenta¬ 
tion of the two-fibre-point chromatid leads to and + areas in 

experiment i, to 4 - and Mn areas in experiment 2, and to Mn areas 
in experiment 3. No mosaic areas are produced in experiment 4. 

(b) Crossing over between Theta and the homologous right arm of a 
not-bb^^ chromatid leads to the following twin segregates: 

Experiment i: y(3X)-y Mn bb^f (iX) 

Experiment 2: y(3X)-y sw* Mn bb^f (iX) 
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Experiment 3: y(M/M/-\- ;3X)-5«® (iX, 2 Theta) 

Experiment 4: 3/(M/Af/+;3X)-+(iX, 2 Theta). 

The iX segregates of experiments i and 2 are expected to be in viable. 

• Consequently y single areas will result in these two experiments. As hypo- 
dermal areas with three X chromosomes containing 2 Minute-n and one 
allele can be formed according to our earlier findings, y and sn^ twin 
areas are expected in experiment 3 and y areas next to -|--(iX)-areas in 
experiment 4. 

'I able 31 

y, Mtiy 0 

Types of segregates after different kinds of crossovers and fragmentation 
processes in experiments noted in table 30. 
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Mn 
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Mn 
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Mn 
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The actual findings lead to the conclusion that the majority of areas are 
derived from crossing over involving Theta. Although some of the follow¬ 
ing spots are probably produced by one or the other rarer processes, cross¬ 
ing over involving Theta can account for 516 out of 665 spots in experi¬ 
ment I, for 184 out of 207 spots in experiment 2, for the y and 5 n® twin 
spots, and, as rudiments of twin spots, for the y single and an unknown 
number of single spots in experiment 3, and in experiment 4a for all 
80 spots namely the y and +>' male-colored twin spots and as rudiments for 
the y single and +>' male coloration single spots. The remaining spots 
can be derived from different processes of which single crossing over within 
the inversion accounts for the sn^ spots in experiments i and 2 and for 
some of them in experiment 3. 

In footnote J to table 30a experiment i it is stated that of 90 y spots 
on head and thorax which were classifiable as to setae length, 71 were of 
approximately size and 19 were of M size. Crossing over between 
Theta and the right arm of the X chromosome leads to y Mnly\-fy-^ (3X) 
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spots which show about normal seta size. The M type spots therefore 
must have originated differently, for example, by crossing over between 
Theta and the homologous left part of the X chromosome. It is not pos¬ 
sible to say whether the proportion of the two kinds of y spots in this head- 
thorax sample can or cannot be regarded as representative of the whole 
sample (see section on somatic segregation and ontogenetic pattern). 

The determination of the sex of spots agrees on the whole with the ex¬ 
pectation (table 30b). Attention may be directed to the fact that the sex 
of spots in experiment i could be judged not only by the coloration of 
abdominal spots but also by presence of sex combs, type of eosin eye color, 
and length of wing. 

The absolute frequency of spots was high, even without the presence of 
a y chromosome; 25 spots per hundred flies in experiment i, 65 in experi¬ 
ment 2, 268 in experiment 3 and 56 in experiment 4a. Three of these values 
are, though somewhat higher, of the same order of magnitude as in experi¬ 
ment 2 of table 29a. The unusually high value of experiment 3 is similar to 
the one in experiment i of table 14. In both cases a y sn^ chromosome 
was present but the cause of the unusually high percentage of spots is not 
apparent. 

The presence of a Y chromosome, in experiments 4b and c raises the 
total frequency of spots from 56 to 225 and 134 per cent. Besides, in experi¬ 
ment 4c a certain number of unexpected y spots with apparently male 
coloration were found. Some of these most probably belong to the y 
(3X)—l-‘'(iX) twin group; but others were of y male coloration indeed. 
Perhaps segregation similar to that, found in the exceptional experiment 
with y bb^f/sn^; Y occurred here. 

Information on experiments with y Mn bb'^^/y w° and y Mn 9 /y bb’^f Y 
flies is added in table 30b. The results agree with the rest. 

On the whole the theory of somatic crossing over in flies heterozygous 
for an X chromosome inversion has stood the exacting test provided by the 
experiments with y, 5«*, Mn, bb^f, and Theta. If the theory is accepted, 
the present section adds weight to the deduction that two doses of Mn in 
triplo-X are not lethal to hypodermal areas. This will be of importance for 
the interpretation of mosaics in flies with a ring-shaped X chromosome 
(X«). 

Experiments involving the dl-4g Inversion 

An X chromosome inversion has been involved also in certain experi¬ 
ments which were discussed earlier. This is the “dl-49” inversion (tables 
S and 13). It is a shorter inversion than the one associated with hh°f, ex¬ 
tending only from locus ii± to 42±. Consequently all crossovers from 
42± to the right end are outside of the inversion; such crossovers formed 
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the basis of the discussion. Crossing over within the inverted region leads 
to sn^ spots and it is probable that some of the observed sn^ spots owe 
their origin to such crossover types. 

THE INFLUENCE OF A Y CHROMOSOME ON MOSAIC FORMATION 
IN FEMALES NOT CARRYING A INVERSION 

Only one experiment with flies containing two X chromosomes without 
an inversion gives information on the influence of a Y chromosome under 
these conditions. It concerns the flies of experiment 2, table 10 which 
have been discussed before. The female parents of these individuals were 
XXY so that they themselves consist of XX and XXY flies in about 
equal numbers. The total frequency of spots in these flies was 72.8 per cent 
as opposed to 3-12 per cent in experiments i, 3, and 4 of the same group. 
The rise in frequency is presumably due to the presence of the Y chromo¬ 
some in half of the flies. 'Fhe influence of the Y is of course even greater in 
this experiment than the number 72.8per cent indicates, for this repre¬ 
sents the average percentage for all individuals of experiment 2, about one- 
half of which were of XX constitution. 

In table 15 it had been shown that 9 out of 11 spots of experiments i 
and 4 of table 10 were not male-colored. However, 17 out of 30 spots in 
experiment 2 showed male coloration (table 32). According to the simplest 

Tablf 32 

Sexual coloration of critical spots on y Mn/sn^ jlies without or with a L chromosome 
(cf table 10^ experiment 2). 


V 

TYPE OK -* -- 

SPOT NO cf cf roL. 

COL. NEAR 




NO cf COL. cf COL. cf COL. 

NEAR 




NO cf cf COL 
COL. 


-f cf COL. 


Number 23 9t 5t i* 2 i 7 


Y consti¬ 
tution of 

flies > ? XXY XX? XXY ? XXY XXY ? ? ? XXY 

Number 212 171 14 i 2 152 


Totals: not male-colored, 13; male colored, 17. 

X Doubtful: 2 spots, 
t Doubtful: 3 spots. 

* Doubtful: I spot. 

form of the theory of somatic crossing over and segregation, no spots 
with male constitution were expected in these flies. The presence or ab¬ 
sence of a Y was tested in 25 cases, the test consisting of a determination 
of the frequency of non-disjunctional sons and their fertility or sterility. 
Fertility indicates presence of a Y in the mother, sterility its absence. 
Lack of exceptional sons does not prove that the mother had no Y chromo- 
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some but may only be due to too small a total progeny. This test method 
cannot serve as more than a first survey. 

After disregarding the 5 individuals (representing 3 not-male-colored 
and 2 male-colored spots) which could not be tested there were left 10 
not-male-colored and 15 male-colored spots. Only one of the 10 not-male- 
colored spots could be shown to have occurred on an XXY individual, 
while 9 out of the 15 male-colored spots were proved to have been on 
XXY females. The difference between these two distributions is significant 
(x®= 6.25; P between 0.01 and 0.02). We can conclude that the presence 
of a Y chromosome increases the number of spots of male coloration in 
females which do not carry an X chromosome inversion or duplication. 
The data are not conclusive as to the question whether male-colored spots 
in such females occur only if a Y chromosome is present, since the consti¬ 
tution of the 6 individuals with male-colored spots is not known. They 
may have been either XXY flies which did not produce exceptions or all 
or some of them may have been XX. In other experiments at least one 
case of a male-colored spot was found which occurred in a female in which 
certainly no Y chromosome was present. This female was supposedly per¬ 
fectly normal in its chromosomal constitution, but the possible presence 
of a duplication of new origin cannot be excluded. 

The action of the Y chromosome in the experiment just reported re¬ 
minds us of the numerous male-colored spots in the exceptional experiment 
with y bb^f/sn^; Y females. There we demonstrated how somatic crossing 
over in XXY females between an X and the Y may give rise to XX and 
XXY twin spots, the latter constitution being responsible for the male 
coloration. It is possible that the occasional male spots found in several 
of our experiments (table 15, lines 1-3, and others) are due as a rule to the 
unsuspected presence of a Y chromosome. 

If further experiments show that this is true, an at least partial explana¬ 
tion would be available for the fact that Bridges (1925) found the sex of 
spots in his Mn individuals to be always male, while most of our experi¬ 
ments with flies of similar constitution yielded mainly female spots. 
Bridges reports that the frequency of spots in his cultures was between 
10 and 40 per cent. Considering that Bridges paid predominant attention 
to larger spots, these frequencies are very high. If we assume that super¬ 
numerary Y chromosomes were present in Bridges’ stocks, we have an 
explanation both for the high frequencies of spots and for their male 
constitution. 

mosaics in flies heterozygous for a ring-shaped X chromosome 

heteroiygous for a ring-shaped “closed X chromosome” have been 
reported to have yielded numerous gynandromorphs (L. V. Morgan, 
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1926, 1933). At a stage of this investigation when the relation of mosaic 
occurrence to somatic crossing over had not yet been recognized, varied 
experiments with this closed X chromosome, which hereafter will be re¬ 
ferred to as X", were undertaken in order to clear up the problem of 
origin of mosaic areas. It was found that the frequency of gynandromorphs 
in flies heterozygous for X' was not appreciably higher than usual. This 
had also been true in the later experiments of Mrs. Morgan and it must 
be concluded that the original high incidence of gynandromorphs was not 
due to the closed X condition by itself, but due to either accessory or in¬ 
dependent causes which have ceased to exist in the stock. 

Although gynandromorphs were practically absent, a high frequency of 
spots of different kinds was encountered. The data are assembled in table 
33a. In order to simplify the presentation, no distinction has been made as 
to the determination of the seta length in the different groups of spots. 
In most cases where only microchaetae were involved, no such determina¬ 
tion was possible. However, when macrochaetae were included in spots 
it was seen that they fell into two groups, spots with about normal sized 
setae and spots with very small setae. A total of 219 spots could be thus 
classified according to bristle size. Often in cases of srv^ or p setae no finer 
distinction as to size was possible. Among the class -f- it was found that 
generally the size of bristles was smaller than normal although distinctly 
larger than Mn. 

In many cases there was a high correlation between the length of setae 
and the area covered by spots. Thus the total number of small and normal 
sized bristles in the s»® or f group was 67 small and 4 normal among the 
single-setae spots, while among spots comprising more than one seta all 15 
cases which could be classified as to seta size had setae of normal length. 
Among the y spots the relation is: 6 small and 8 normal single-bristle 
spots and 4 normal sized larger-area spots. Here no correlation is apparent 
for reasons which will become clear later. Among the y sn^ spots were 
found: 105 single-seta spots with small and 2 with normal sized setae; 
larger spots—i with small, 2 with normal sized setae. 

It is immediately apparent that no simple hypothesis of elimination of a 
chromosome can explain the types of spots found. Such an hypothesis 
cannot account, among other facts, for the following: 

(a) Appearance of numerous - 1 -" spots in experiments 7, 8, 9, and 12. 
If the Mn carrying chromosome were eliminated, y or spots would be 
expected, if the not-Minute carrying chromosome were excluded, the re¬ 
maining constitution would be lethal. 

(b) Appearance of y and of sw* spots in experiments 10 and ii where 
the original chromosomes carried both y and sn^ or neither. 

(c) Tire fact that 23 out of 55 critical spots were not of male con- 

a^^litttion. 
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Figuhe 14. y X^/sn*. The results of crossing over to the left ( 1 ) and to the right (r) of sn^. 
Subsequent x-segregation accompanied by different types of fragmentation of the two-fibre-point 
chromatid to the left (1) or right (r) of sn* or subsequent z-segregation followed, in one segregate, 
by different types of fragmentation (1,1; 1, r; r, r) of both two-fibre-point chromatids. 
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(d) The appearance of abnormally short setae. 

The occurrence of different types of spots and the relation between size 
of setae and amount of area covered by the spot become understandable 
under the assumption of somatic crossing over and segregation and taking 
account of the cytological peculiarity of the X' chromosome, as will be 
shown now. 

In examining the consequences of somatic crossing over we shall re¬ 
strict ourselves to cases of single crossovers. The analysis will be given 
here in detail for one case only, represented by the experiments i and 2 
and concerning flies with the constitution y X‘=/sn^ (fig. 14). Experiment 
5 with y P flies is very similar. 

Crossing over between one strand of the ring chromosome and a strand 
of the normal X chromosome results in a long, open chromatid consisting 
of two full X chromatids with two fibre attachment points. This chromatid 
possesses one sister fibre point of the normal X chromosome on one end 
and one sister point of the ring chromosome in the middle. A double chrom¬ 
atid of this type has been called a “tandem” by L. V. Morgan. If separa¬ 
tion of sister points proceeds normally, two t)q)cs of segregation have to be 
considered: 

(1) x-segregation. The non-crossover chromatids go to opposite poles, 
the tandem being subjected to opposite forces on account of its two fibre 
points tending in different directions. This may result in either (a) non¬ 
inclusion of the tandem into the daughter nuclei and subsequent elimina¬ 
tion, or in (b) fragmentation of the tandem between the two fibre points 
and inclusion of the two fragments within the two daughter nuclei. (A 
third possibility, the inclusion of the whole tandem chromosome into one 
daughter nucleus is least probable and will not be discussed.) Process a 
leads to y and sn^ twin segregates with iX constitution, process b to 
different pairs of segregates depending on the locus of crossing over and of 
fragmentation: (1,1), (l,r) and (r, r) to y and -|- twins and (r,l) to y and 
St? twins. While the segregates from a are both of male constitution, 
those of b contain a deficiency or a duplication for a left section of an 
X chromosome. Their sex is dependent on the extent of the deficiency or 
duplication. 

(2) z-segregation. The non-crossover chromatids go to one pole, the 
tandem chromatid to the other pole. In this case the two segregates will 
be of the same genic constitution as the rest of the fly. However, the 
tandem-containing segregate will divide and its halves undergo fragmenta¬ 
tion during the next cell division. The position of the two sister tandem- 
chromosomes is expected to be of such a nature as would result from 
sister fibre points going to different poles. Three combinations of frag¬ 
mentation in the two separate tandems can occur: bre^s in both to the 
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left of sn^, in both to the right, and in one to the left and one to the right. 
Unless the two tandems happen to break at identical places unbalanced 
segregates will result. Their phenotype is in most cases + except in one 
in which a segregate is produced. 

When we compare these expectations with the actual results it becomes 
clear that the process x can at best account for only a small number of 
spots. 

(la) If the tandem were eliminated completely, y and sn^ twin spots 
with male coloration should appear. Only one twin spot occurred; the pro¬ 
portion of y and 5«® single spots is so unequal that only a few of them can 
be regarded as vestiges of twin spots. In addition, neither the fact that ri 
out of 19 critical spots were not of male constitution nor the small size of 
most setae in single seta spots agrees with the assumption of complete 
elimination. 

(ib) Should the tandem undergo fragmentation during x-segregation 
we would meet a similar lack of agreement between facts and expectation. 
In three out of the four cases y spots will be produced, while y and sn^ 
segregates result from the fourth. The observed y spots are regarded as 
results of x-segregation and fragmentation, but the great majority of 
spots are single sti^ spots. Even if one assumes that the unbalanced y 
segregate of the twin cells is inviable, so that only single sn^ areas are pro¬ 
duced, the expectations as to bristle size would be mainly <^or normal 
length. For the sn^ segregate would contain two complete X chromosomes 
and in addition a duplicating X fragment; such hyperploid condition leads 
to strong setae (Patterson, Stone and Bedichek 1935). 

(2) The majority of spots can be understood when we assume z-segrega- 
tion to have preceded them. The only segregate resulting in a visibly aber¬ 
rant area is of the phenotype sn^. Furthermore it contains only one com¬ 
plete X chromosome besides two fragments which together represent less 
than a second X chromosome. The sections represented by the two frag¬ 
ments are variable, depending on the locus of fragmentation. Such hypo¬ 
ploid conditions may be expected to result often in short-bristled hypo- 
dermal cells of low viability. The 122 sn® single-seta spots of experiments i 
and 2 and the 67 single-seta spots of experiment 5 correspond to this 
type. 

To account for the smaller number of spots which are of larger size 
and possess bristles of normal length one can assume both that some of 
them represent special h)rpoploid conditions due to z-segregation which are 
favorable in respect to genic balance and also that they are results of 
double crossing over to both sides of s»®, a process which will lead to 
normal segregation of two and two X chromosomes and homozygosity for 
in one segregate. 



CURT STERN 


716 

The sexual coloration of critical spots in experiments i and 5 was male 
in 9, not-male in 10 sn^ spots and as regards y spots male in i and not-male 
in 2 cases (table 33b). No very definite expectation on the basis of the pro¬ 
posed theory is possible, since hypoploid conditions may lead to both types 
of sexual characteristics (which involve intersexual conditions) according 
to the length and region of the duplicating fragments involved. Those 
spots which are derived from double crossovers are expected to be of 
normal female constitution. 


Table 33b 

Sexual coloration of critical spots from table 33 a. 



OR /“ 

J 


y 


0 ^ 

y 

& 

NO cf 

NO c?* 

cf 

NO (f* 


NO cf 

cf 

I 

9 

8 

2 

— 







5 

X 

T 

— 

I 



I 




6 

3 

4 






It 



7 




1 * 



I 




8 

4 

1 






I 



10 





I 

— 





II 


6 




I 



2 

I 

14 

1 

2 










18 

22 

2 

2 

I 

I 

2 

2 

2 

I 


Totals: not male colored, 22; male colored 31. 
t Determination of sexual coloration only possible in sn^ area. 
* Sex comb. 


If one applies the theory of somatic crossing over, segregation, and 
fragmentation of the tandem chromosome to the other experiments re¬ 
ported in table 33, one arrives at specific expectations in each case with re¬ 
gard to the major types of spots. The derivations have to take account of 
the different regions of the chromosomes in which crossing over and frag¬ 
mentation can occur and are rather lengthy in some cases. The resulting 
expectations are summarized in table 34 together with the observed facts. 
There is a good agreement both as to kind of main spots and as to the 
larger frequency of spots produced in consequence of z-segregation as op¬ 
posed to x-segregation. One exception with respect to the latter point is 
found: In experiment 10 the number of y sn^ spots exceeds that of sn* 
spots, although the former are expected from x- and the latter from z-segre¬ 
gation. Such a case probably “would lose its peculiar character if one could 
adjust the expectations to the supposedly different frequencies of crossing 
over in different regions. But no attempt toward a finer analysis of the 
data presented will be made here. Such an analysis should include addi- 
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tional facts to be derived from the use of the newly discovered closed 
X chromosome which carries the normal allele of yellow. 


Table 34 

Expected and observed spots in expertnients with X‘ Jlies. 


I, 2 , 5 

3, 4 

6 

7 , 8 

9 

10 

11 

12 

13 

14 



EXPECTATION J 

OBSERVED SPOTS 

C'ONBTrrUTION 

(*) 

(X) 

LARGEST CLASS 

2ND LARGEST* 
CLASS 

yX' 

sn^ or 

.s ;/3 

y, y-sn^ 


y 

(V) 

y s*r bb 

y sn^ 

y y;/* 

y sn^ 


y X‘ 
y sn^ e 

sn^ 

AW*' 

sn^ 

— 

y X'’ 

tn^ M n or w f M n 

sn^ 

y, y-sn^ 


- 

y w Mn 0 

j^M 

+>' 


-- 

y sn^ X*" 

+ 

sfr^ 

y y 

y sn'^ 

sn^t y 

y sn^ X^' 

<11,b/ p 

/*», sn^ 

ysn^f y, ysn^~P 
etc. 

f 

y sn^ 

y sfi^ X‘ 
w m f Mn 

.v«» 

y y 



V sti^ X*" 

-(Bid-Minute) 

Bid w 

y, y Mr' 

y sn^, y 

y sn^ 

y 

yf Mn X' 

sn^ 

sn^y y-sn^ 

sn^ 

_ 




t Expectation in case of ,v, sn or / not specified in respect to M or 
* Only given if larger than 10% of largest class. 

There was an opportunity, in experiment 4, to discover a possible in¬ 
fluence of the Y chromosome on the occurrence of spots. Part of these flies 
carried a Y chromosome, but no effect became apparent. 

In addition to the demonstration that the theory of somatic crossing 
over can give an explanation for spots in flies with a closed X chromosome 
a new result is contained in these experiments. This is the relative fre¬ 
quency of X- and z-segregation. While in the experiments discussed in 
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former sections of this paper z-segregation does not lead to mosaic areas 
and its frequency therefore cannot be directly determined, in the present 
cases it occurs far more often than x-segregation. It appears probable that 
this is a consequence of particular conditions brought about by the pres¬ 
ence of the tandem chromosome. These seem to result in preferential chro¬ 
matid segregation, so that the two non-crossover strands go most frequently 
together to one pole and the tandem with its two fibre points to the other 
pole. 

Changes in ring-shaped chromosomes during somatic divisions have been 
demonstrated cytologically by McClintock (1932) in maize. She has 
pointed out that somatic crossing over is probably responsible for these 
changes and that they are correlated with the origin of mosaics. 

SEX-LINKED MOSAIC AREAS IN SUX>ERFEMALES AND IN MALES 

No special study of sex-linked spots in flies of not-femalc constitution 
was made but some incidental observations seem worth recording. 

Superfetnales (jX-\-2A) 

(1) The three X chromosomes free. Of ii superfemales of the constitution 
y sP bb^^/y srPbb/stP inspected, 3 were free from spots, while the remain¬ 
ing flies exhibited 18 y spots (i seta: 12 spots; 2 setae: 3 spots;>2 setae: 
3 spots). In five other flies of the same constitution 5 y spots and i y and 
srP twin spot (2 setae) were found. 

(2) Two attached X chromosomes, one free: 14 ^/sn^bb individuals pos¬ 
sessed 3 y spots (i seta: 2 spots; 2 setae (no c? col.): i spot); 19 ^/y 
sn^bb^^{Y?) individuals possessed 4 y sn^ spots (i seta: i; 2 setae: 10; >2 
setae: 2). 

The interpretation of these spots according to the theory of somatic 
crossing over is obvious. 

Males 

Spots involving segregation of sex-linked genes generally cannot be 
discovered in males. The only possibility which should give visible mosaic 
areas would be a segregation of two sister X chromosomes into one 
nucleus and resulting in a female spot. No case of this kind was en¬ 
countered but the available data are not extensive enough to exclude the 
occurrence of such spots. 

The situation is different in case of presence of an X chromosome dupli¬ 
cation. Males which, besides a, y sP bb^^ X chromosome and (most prob¬ 
ably) a Y chromosome, possess a separate chromosome consisting of a 
Theta duplication attached to the short arm of a Y chromosome have not- 
yellow body color and setae. They show y spots with y setae very fre¬ 
quently. This would be understandable if somatic crossing over between 



SOMATIC CROSSING OVER 719 

homologous parts of the Theta chromosome and the Y chromosome and 
normal segregation occurs. 

It should be added that 65 males of the constitution sw®; Th^a, Y*; 
no free Y” did not exhibit spots; nor did 135 “yTTheta; Y” and 8? 
“y iw^heta; Y” males. 

RELATIONS BETWEEN SOMATIC CROSSING OVER AND 
THE ONTOGENETIC PATTERN 

The frequency of somatic crossing over is dependent on different factors. 
An influence of the environment was shown by Bridges (Morgan, 
Sturtevant and Bridges 1029) who found a decrease in number of spots 
with the progressing age of the culture, independent of the age of the 
mother. Experiments in our laboratory demonstrate an effect of varying 
temperature (Stern and Rentschler 1936). Geneticfactorswhichinfluence 
the percentage of spots are the Minutes, an extra Y chromosome, and 
probably different other factors, as judged from the variability of our 
results. 

The dependence of the frequency of spots on different agents results in 
the appearance of different types of mosaicism. We thus have a parallel to 
the variable frequencies of piebald areas in mammals or to mosaic condi¬ 
tions in many organisms in general. It is possible to carry the comparison 
further. It can be shown that not only the frequency but the size and 
distribution of spots over the body is variable and dependent on different 
agents. This means that the time and frequency of the origin of segregates 
is independently variable in different regions of the developing organism. 
That this is true for mosaics which have been ascribed to mutations of un¬ 
stable genes is well known (Demerec 1935). The following gives a cor¬ 
responding account for spots which are known to be due to somatic cross¬ 
ing over. 

With regard to differences in time of occurrence we shall refer only to 
two earlier statements. It was found (i) that the proportion of “i-seta 
spots” to “larger than i-seta spots” is different in different experiments 
(table 3; see also other tables) and (2) that left crossovers are represented 
by large and small spots in some experiments (table 8) while they result 
only in single-seta spots in others (tables 10, 12). The causes for the vari¬ 
ability in time of origin of spots are not known for the experiments referred 
to under (i). As to (2), it seems that the presence of Mn is correlated with 
the shift in occurrence of double crossovers. 

The dependence of incidence of somatic crossing over on the spatial 
ontogenetic pattern, that is, on the conditions offered by different body 
regions of the larvae will be illustrated by a series of results. Such a de¬ 
pendence first became evident from the analysis of table 3, where the 
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Table 35 

Duirihution^ in percentage of totals of spots over heady thoraxy and 
abdomen in different experiments. 


CONSTITUTION 

NO. OF SPOTS 

IIISAD 

THOKAX 

ABDOMDN 

sn^ Mnfy ty 

120 

s 

S8 

37 

y/sn^ 

212 

4 

43 

S3 

y Mn bb^^/y vf sn^ B 

666 

4 

36 

60 

y sn^ Mn B/y bb^^ 

80 

I 

3 

96 

y w* sn^ Mn B/y bb^^ Y 

203 

0 

1 

99 

Setae Inspected* 

— 

4 

30 

66 


* In this and in the following two tables the term "setae inspected” refers to the percentage 
of all inspected setae which were located on the respective body regions. For detailed account see 
"Methods” and table i. 

average increase of number of spots in Minute flies as compared with not- 
Minute flies was lower for the abdominal regions than for the head and 
thorax or from the fact that the proportion of single-seta spots to larger 
spots was lower in the abdomen than in the head-thorax region (table 3). 
Other examples of greatly varying distribution of spots over the three 
main body regions are given in table 35. While this table is concerned with 
total number of spots, a more detailed analysis can be derived from a 
separate consideration of different t)rpes of spots (table 36). In experiment 
I no different distribution of sw® single and y and twin spots is expected, 
because nearly all sn^ single spots are regarded to be rudiments of twin 
spots. This expectation is fulfilled, as the last columns indicate. With re- 


Table 36 

DistrihtUiony in percentagCy of different types of spots over heady thorax, and abdomen. 


CONSTITUTION 

SPOTS 


- HEAD 

THORAX 

ABDOMEN 


P 

TYPE 

NO. 


y 

S 9 

10 

48 

42 

y, twin: 9.614 

<0.01 

(r) y/sn* 

sn^ 

82 

2 

35 

63 

y, jfw®: 8.186 

0.01-0.02 


y-sn^ twin 

67 

0 

40 

60 

sn^y twin: 2.101 

0.03-0.05 

(2) y blpf/$n^ 

y 

109 

0 

16 

84 

y, sn*\ 2.203 

0.01-0.02 


sn^ 

60 

0 

8 

92 




y 

151 

0 

8 

92 

y, 23.321 

<0.01 

(3) y sn* bb^^/yS 

sn* 

382 

0 

1 

99 

y, twin: 6.885 

<0.01 


y-sn^ twin 

113 

0 

1 

99 

sn^y twin: 0.020 

> -99 

(4) yUnhtpf/yvfsn^B 

y 

497 

2 

33 

6s 

y, sn^\ 14.614 

<0,01 



134 

8 

34 

S 7 



Setiie Inspected 


— 

4 

30 

66 
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spect to the distributions of y single and y sn^ twin spots as well as for 
that of y and of sn^ single spots, the test points to significant differ¬ 
ences. The majority of y spots represent rudiments of twin spots and should 
be distributed in the same way as the sn^ single and the twin spots. There¬ 
fore the deviation is interpreted to mean that those y spots which owe 
their origin to crossing over between y and sn^ have a distribution which 
is distinguished from the rest. The data indicate that the head and thorax 
regions are more favorable to left crossovers than to crossovers near the 
fibre point. 

Table 37 

Distribution, in percentage, of different spots over the abdominal tergites 1-7. 

BPUTB ABDOMINAL TBROTTKB 

CONSTITUTION -- ----- ^ P 


TYPE 

NO. 

1+2 

d 

4 

5 

6 

7 



y 

24 

4 

25 

21 

29 

21 

0 

y, sn^: i 403 

0.8- 0.9 

y / sn ^ sn ^ 

51 

4 

22 

33 

24 

17 

0 

y, twin: 8 787 

0.05-0. I 

y - sn ^ twin 

40 

10 

25 

33 

17 

^5 

0 

sn^, twin: i .8O1 

0.7 -0.8 

V bb^^i/sn^ y 

55 

5 

13 

32 

41 

9 

0 

V, sn^: 16.390 

<0 01 

sn^ 

91 

2 

40 

29 

27 

2 

0 



y 

i .?9 

19 

18 

22 

30 

II 

0 

y, AW®: 20.590 

<0.01 

ysn ^ blfii/yO sn ^ 

376 

4 

21 

20 

29 

25 

1 

y, twin: 13.277 

<0.01 

y-sn^ twin 

II2 

4 

22 

20 

32 

22 

0 

AW®, twin: 0.8417 

0.5-0.7 

y Mn blP^ / v sn^ 6 y 

325 

13 

30 

32 

21 

4 

0 

y, vw® 35.0392 

<0.01 

sn ^ 

77 

5 

23 

21 

30 

20 

I 



Setae Inspected 

— 

10 

13 

17 

24 

24 

12 




No significantly different distribution of the two types of spots is appar¬ 
ent in experiment 2. Both types result mainly from single crossovers within 
the inversion. An analysis is impeded by the possibility that different body 
regions may conceivably be variable in their effect on the viability of 
hypo- and hyperploid cells and thus lead to a differential survival of spots. 
This factor may play a role also in the other experiments to be discussed. 

In experiment 3 no significant deviation of the distribution of single 
and twin spots occurred, although these spots owe their origin largely to 
different processes. However, the distribution of y spots differs from both 
that of and that of twin spots. While the first deviation is not surpris¬ 
ing, since the two kinds of spots are mainly results of different crossovers, 
the distribution of y single and of twin spots should be identical, for the 
y spots are regarded to be rudiments of twin segregates. Possibly viability 
differences of the y and sn^ twin segregates in different body regions are re- 
sponible for the result. 
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In experiment 4 the distributions again differ significantly. Dependence 
of the occurrence of the two kinds of crossovers or of the viability of segre¬ 
gates upon conditions in different body regions seem to be involved. 

The same four experiments which were considered with regard to head- 
thorax-abdomen distribution of spots have been analyzed as to location 
of spots on the tergites of different abdominal segments (table 37). In ex¬ 
periment I no significant deviation in distribution occurred between y 
and SM* single spots nor between sn^ single and twin spots, while the y 
single and the twin spots were probably significantly different. Taking 


Table 38a, b 

Distribution of y and sn^ spots' over different body regions. Only spots from 
yMnhb^t/yii} 6 flies of tables jdy 57 are included which occurred 
on individuals bearing at least one of each kind of spot. 

38a 38b 


SPOTS 


HEAD THORAX AUDOMXN 


ABDOMINAL TRROITES 


NO. i-fz d 4 5 


y 29 2 6 21 21 4 7 4 4 2 

37 2 16 19 19 I 5 3 6 4 


account of the smaller numbers, the earlier comments on this experiment 
seem to apply here likewise. In experiment 2 the y and spots are doubt¬ 
less distributed differently on the abdomen. In experiment 3 the similari¬ 
ties and differences resemble those of the distributions over head-thorax 
and abdomen. Lastly, in experiment 4, a striking dependence of type of 
spot on the abdominal region is apparent, showing a peak in frequency for 
y spots on the third and fourth segments and for the spots on the fifth 
segment. 

It might be asked whether the differential distribution of different kinds 
of spots may be due to their occurrence on different individuals. To answer 
this question tables 38a and b are presented, in which are included all those 
y and sm’ spots of experiment 4 which occurred on individuals bearing at 
least one of each type. The numbers are too small to give significantly 
different distributions. However, in the abdominal series it is evident that 
the trend of frequencies for the y and sn^ spots coincides well with those 
of table 35, experiment 4. 

The interpretation of the observed differences in abdominal distribution 
has to take account again of both differences in incidence of crossovers and 
qf viability values. But it seems improbable that the survival values of 
different segregates vary enough in different tergites to cause the observed 
patterns by themselves. The participation of the body pattern as differ- 
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ential in regard to occurrence of somatic crossover types is regarded to be 
a contributing if not the main factor. 

A comparison of the observed distribution of frequencies of spots with 
the numbers of setae inspected in different body regions (see last line of 
tables 35-37) shows that no random distribution took place. This is a 
further demonstration of the influence of body pattern on crossover oc¬ 
currence. A finer analysis will depend on detailed knowledge and com¬ 
parison of the developmental events within the different imaginal discs. 

DISCUSSION 

The evidence presented in this paper shows that mosaic areas on the 
body of Drosophila melanogaster appear in a varying percentage of flies 
whenever they are heterozygous for genes whose homozygous effect is 
recognizable in small spots. 'I'heories as to the causation of these spots 
have to be based on somewhat intricate deductions. The observable phe¬ 
nomenon is limited mainly to yellow or singed single spots, or yellow and 
singed twin spots, in different proportions and with a few other attributes 
such as sexual coloration or seta length. The test of any theory as to the 
mechanism of spot production has to consist in its application to a varied 
group of genic combinations. Such a test is able to exclude definitely 
theories which cannot account for the actual facts. But if it succeeds in 
giving a satisfactory basis for them, it cannot claim a final “proof.” In our 
special case we can say that the theory of chromosome elimination has been 
shown definitely unsatisfactory. The validity of the theory of somatic 
crossing over and segregation rests on its faculty to explain the manifold 
results presented in this paper. Throughout the text the word “assump¬ 
tion” has been used freely in order to leave no doubt as to the procedure 
of deduction. But it should be noted that most of these assumptions are 
justified from other experience. 

There is a higher degree of safety in the discussion of somatic crossing 
over in cases where the X chromosomes were normal than in those where 
inversions or the closed X chromosome were involved. In these latter cases 
the claim is made that the proposed theory is able to account for most 
facts (some notable discrepancies have been pointed out), but the possi¬ 
bility of inventing other schemes should be stressed. 

This analysis of somatic crossing over can by no means be regarded as 
complete. It was restricted in most cases to a consideration of single cross¬ 
overs, although the rarer occurrence of double crossovers has been ascer¬ 
tained. No attempt was made to discuss multiple crossing over in detail, 
as for instance the relation of the different crossovers to different chroma¬ 
tids, or questions of interference. Neither has the probability been dealt 
with that somatic crossover processes may occasionally occur consecu- 
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tively for two or more cell generations. Such repeated crossovers are 
thought responsible for the occasional triple spots as well as for certain 
twin spots. A filling out of these gaps in our knowledge although desirable 
is perhaps not likely to lead to results of general significance. But this 
might be different with respect to other problems raised in the course of 
study. To name some of these: what is the “physiological Minute con¬ 
dition” which is responsible for somatic crossing over? Why is there cor¬ 
relation between the locus of Minutes and the region of crossing over in¬ 
duction, between sex-linked Minutes and crossing over in the X chromo¬ 
some, between autosomal Minutes and crossing over in the autosome, 
between locus of Minute to the left or to the right of the fibre point and 
crossing over in the corresponding arm? What is the mechanism of the Y 
chromosome effect on crossing over? What is the explanation for the ex¬ 
ceptional, but self-consistent experiment with y bb^^/sn^-, Y females? 

The mechanism of mosaic formation rests primarily on the occurrence 
of somatic crossing over. If the mechanism of fibre point separation in 
mitosis remains undisturbed, as has been shown to be true, then genic 
segregation is a necessary consequence of crossing over. There is thus no 
need to assume two separate processes (i) somatic crossing over and (2) 
somatic segregation. 

Abnormalities in chromosome behavior as causes of mosaic formation 
have been recognized before. Elimination of chromosomes or non-disjunc¬ 
tion has been the most general explanation, for example, in gynandro- 
morphs of Drosophila (Morgan and Bridges 1919), or in certain types of 
endosperm mosaics in corn (Emerson 1921, 1924). The idea of possible 
somatic crossing over was introduced by Serebrovsky (1925) in an in¬ 
teresting paper on the appearance of aberrant feathers on chickens of 
different genetic constitutions. Serebrovsky sums up his findings by stat¬ 
ing “crossing over cannot be either proved, or denied” and he did not 
recognize it as the cause of somatic segregation. A different interpretation 
of his cases was consequently given by P. Hertwig and Rittershaus 
(1929) and by the present author (1928a, 1933). But it must be said now 
that Serebrovsky probably came nearer to the right explanation than 
^ his critics, although certain difficulties remain. 

Actual segregation of the chromosomes among somatic cells was geneti¬ 
cally demonstrated first by Patterson (1929a, b; see also Friesen 1935) 
who subjected Drosophila larvae to X-rays and obtained twin spots, 
besides many single spots. The author “cannot state definitely the 
nature of the mechanism which produces the segregation. It almost cer¬ 
tainly involves some form of synapsis ... in the somatic cells.” On the 
basis of our present knowledge we believe the mechanism to have been 
s(»natic crossing over as suggested earlier by Painter (1934). And we are 
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inclined to regard most cases of mosaic formation in X-rayed larvae not as 
results of elimination of parts of chromosomes as assumed before (Patter¬ 
son 1930) but as indication that X-rays can induce crossing over in so- 
inatic cells. 

There are some cytological findings which bear on this discussion. 
McClintock (1932) obtained cytological evidence of different chromo¬ 
some constitution in diverse cells of a variegated corn plant. Her finding 
of different degrees of increase or decrease in length of a ring-shaped 
chromosome in different cells pointed strongly to some kind of somatic 
crossing over. 

In Drosophila melanogaster Kaufmann (1934) could show the occasional 
presence of chiasmatype-like configurations between homologous chromo¬ 
somes in somatic cells, before genetic evidence for somatic crossing over 
was available. And Peto has recently shown (1935) that chiasmata are 
formed in cells of root tips of Hordeum vulgare under the influence of radia¬ 
tion, a cytological correlate to Patterson’s experiments. 

How frequently mosaic production is to be regarded as caused by so¬ 
matic crossing over can be determined by new experiments only. In Droso¬ 
phila melanogaster it seems by far the most prevalent mechanism. In all 
our experiments in which products of elimination or non-disjunction could 
be distinguished from those of somatic crossing over and segregation the 
majority of spots was understandable only by assuming the latte^" process, 
whereas the small minority could be explained on either hypothesis. This 
was true both for the smaller spots and for the occasional larger spots com¬ 
prising more than one imaginal diskVfhere is one exception to this state¬ 
ment: the gynandromorphs described by Morgan and Bridges (1919) and 
other workers cannot be explained by crossing over and segregation. This 
is perhaps significant. The somatic pairing of homologous chromosomes 
which is typical in Diptera becomes visible first in the prophase of the 
second cleavage division (Huettner 1924). As most gynandromorphic 
conditions originate during the first division a causal connection becomes 
probable. 

One might suspect that the somatic chromosome pairing in Drosophila 
would facilitate the occurrence of crossing over. This would point to cross¬ 
ing over as a cause of mosaic formation in Diptera mainly. But as we do 
not know the reason why certain cells do undergo crossing over we are 
hardly justified at present in drawing this conclusion. On the other hand 
we should hold open the possibility of non-homologous somatic crossing 
over as it seems to occur in com (McClintock 1932, Jones 1936). In 
Drosophila no evidence for non-homologous crossing over is available. 

Many cases of inherited mosaic formation have been described as con¬ 
sequences of mutations of “unstable” genes (Demerec 1935). The present 



CURT STERN 


726 

writer (1935) has proposed a hypothesis according to which the behavior 
of unstable loci should be regarded not as an internal change in a gene but 
as a result of “mechanical” changes at the locus, brought about by somatic 
crossing over. A model for such unstable loci was elaborated. Recently 
Schultz (1936) has proposed a different cytological configuration in cases 
of unstable loci, which, being based on direct observation, is superior to the 
original speculation although probably not final either. An essential part 
of Schultz’s scheme is again the assumption that somatic crossing over 
changes the cytological configuration and thus leads to mosaics. 

The finding of somatic crossing over throws some light on the mecha¬ 
nism of chromosome separation in mitosis. Normally the passing to differ¬ 
ent poles of chromosome halves implies a separation of whole sister strands. 
In cases of crossing over separation may occur in the normal way for one 
particular point only while the rest of two sister chromosomes may pass 
to the same pole. This particular point is the fibre attachment locus. We 
have here a genetic demonstration of its role in mitosis. 

That the occurrence of crossing over without reduction of chromosomes 
is of significance for theories of meiosis and mitosis needs hardly to be 
pointed out. 

The value of somatic segregation as a tool for the analysis of gene action 
is obvious. The process has been successfully used by Demerrc (1934 and 
later) in his studies of the action of small deficiencies in hypodermal segre¬ 
gates (cf. also Stern 1935). A few more facts have come to light in the 
foregoing pages: viability of hypodermal areas containing one X chromo¬ 
some and two Theta duplications; or one X chromosome and one long 
X duplication of varying length; or two X chromosomes and similar du¬ 
plications; or three X chromosomes containing two Minute-n loci. All 
these constitutions are lethal to zygotes. The genic unbalance represented 
by them is thus not able to sustain full ontogenetic development but is 
compatible with division and differentiation of cells of imaginal discs. 

SUMMARY 

(i) Mosaic areas on the body of Drosophila tnelanogaskr appear on flies 
which are heterozygous for genes whose homozygous effect can be recog¬ 
nized in a small spot. 

'^(2) The frequency of spots is increased by the presence of Minute 
factors. 

v/1^3) Spots of sex-linked characters occur with higher frequency when 
either sex-linked or autosomal Minutes are present, but sex-linked Minutes 
are more powerful than autosomal ones. Autosomal spots are more fre¬ 
quent in the case of presence of autosomal Minutes than of sex-linked 
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Minutes. Different Minutes show different degrees of ability to induce 
spot formation. 

(4) The mechanism of mosaic formation is not based on simple elimina¬ 
tion of chromosomes but on processes of somatic crossing over involving 
two strands of a four strand group. Segregation of the four strands occurs 
in an equational, typically mitotic mode in respect to the fibre points. It 
leads to homozygosis of originally heterozygous genes. No reduction of 
number of chromatids takes place in normal cases. 'I'hese conclusions are 
derived from an analysis of types and frequencies of twin and single spots 
and of the number of X chromosomes present as judged by the secondary 
sexual characters of favorable spots. Interpretations based on experiments 
with certain combinations of genes have been verified by tests of validity 
in other combinations of the same genes. 

(5) The increase of frequency of sex-linked spots is not directly de¬ 
pendent on the localized, material constitution of the chromosomes in¬ 
volved in somatic crossing over but rather on the general “phenotypic 
Minute reaction” in development. 

\/ (6) I'hc relative frequencies of somatic crossovers in different regions of 
the X chromosomes are different from those of germinal crossovers. So¬ 
matic crossing over is more frequent near the fibre point. The presence of 
Minute-n accentuates this shift. 

(7) The X chromosome duplication “Theta” frequently undergoes so¬ 
matic crossing over with the X chromosome—more frequently in the 
homologous right than in the homologous left regions. Germinal crossing 
over involving Theta is very rare. 

(8) Somatic crossing over involving Theta followed by equational segre¬ 
gation leads to twin segregates of the constitution 3X chromosomes-iX 
chromosome. 

(9) The apparently exceptional behavior of the bobbed character, 
which does not become visible in spots, is understandable under the as¬ 
sumption that no somatic crossing over occurs to the right of the bobbed 
Ioci^Ij/' 

(10) Somatic crossing over involving the sex chromosome occurs in 
su;^females and in males. 

'/\xi) Somatic autosomal crossing over takes place in both sexes, though 
more frequently in females. A peculiar specificity of the Minute effect leads 
to crossovers in that arm of the third chromosome in which the Minute 
itself is located. Most crossovers are concentrated near the fibre point 
region. 

(12) Somatic crossing over between X chromosomes heterozygoffs for 
the inversion occurs within the inversion. It leads to a chromatid 
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which possesses no fibre point and is tjj^ eliminated, and to a comple¬ 
mentary chromatid with two fiber points. This chromatid becomes frag¬ 
mented and each fragment is included in a daughter nucleus. 

(13) When Theta is present in cells heterozygous for the bb’^^ inversion 
the most frequent type of somatic crossover involves Theta and the not- 
inverted, noi-bb’^f chromosome. (A discrepancy is pointed out between 
this interpretation and the observed facts.) 

(14) The presence of an extra Y chromosome in flies discussed under 
(12) increases the frequency of somatic crossing over within the inversion 
to the right of as well as the frequency of fragmentation of the two- 
fibre-point chromatid, also to the right of 

(15) In flies discussed under (13) the presence of an extra Y chromo¬ 
some increases the frequency of crossovers involving Theta. 

(16) An exceptional series of cultures with XXY females gave results 
which can be interpreted as caused by somatic crossing over between X 
and Y chromosomes, leading to XXX and X segregates. 

(17) Somatic crossing over in flies heterozygous for a ring-shaped X 
chromosome leads to a two-fibre-point “tandem” chromatid. Segregation 
occurs preferentially so that the two non-crossover chromatids go to one 
pole and the tandem chromatid to the other. In the following division the 
tandem chromatid becomes fragmented. 

(18) In different experiments certain segregated constitutions are not 
sufficiently viable to give rise to mosaic areas. Others, though not viable 
as zygotic constitutions, permit the formation of hypodermal spots. 

(19) Under different genetic conditions different patterns of mosaics are 
formed. The proportion of small to larger spots can vary. In Minute-n 
flies crossovers to the left oi Mn occur later in development than cross¬ 
overs to the right. Various genetic constitutions have differential effects on 
frequency and size of spots in various body regions. Different types of 
spots in flies of the same constitution are differently distributed over the 
head, thorax and abdomen or over the different abdominal segments. 

(20) In the discussion, a short survey is given with reference to mosaic 
formation in general and its relation to somatic segregation. 
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INTRODUCTION 

G enes affecting pollcn-tube growth in Datura stramonium come un¬ 
der two general categories: (i) those which may be transmitted 
through both the eggs and the pollen, with recognizable abnormalities in 
the growth of the pollen tubes, and (2) those which arc not transmitted 
through the pollen, but arc transmitted maternally. The first category is 
illustrated by the gene for tricarpel {tc) (Buchholz and Blakeslee 1927). 
Plants homozygous for tricarpel are carried in our stock cultures and main¬ 
tain themselves as pure lines, while types of the second category must be 
carried as heterozygotes. 

The present paper has to do with the second category of pollen-tube 
genes. 'J'hey comprise the genes giving pollen-tube growth distributions 
of the types V, Via, VII, and Vllb, which were briefly described in a re¬ 
cent account (Bucuholz and Blakeslee 1932a). In an earlier description 
of some of these gene types (Buchholz and Blakeslee 1930) we called 
them “lethals of pollcn-tube growth,” although they might better be 
spoken of as pollen-tube genes. It should be remembered that a gene of 
this kind is lethal only to the male gametophyte which carries it. In con¬ 
sequence, due to segregation in the reduction divisions, half of the pollen 
tubes from a heterozygous parent show tlie character and half are normal. 
These types may be recognized through growth tests of the pollen of the 
plants which are heterozygous for them, the so-called carrier plants. 

Nothing may be found in the external morphology of the carrier plants 
which would distinguish them from non-carriers. The only direct tests 
which positively distinguish carriers from non-carriers are tests of the 
pollen when grown on the stigma and in the style of a test flower. For 
many of these genes any flower of a Datura may serve as a test flower, 

^ This investigation is one of a series made possible by grants to the first author during 1929-- 
1934 from the National Research Council, Committee on the Effects of Radiation on Living Or¬ 
ganisms and from the University of Illinois. Various individuals have served as technicians and 
laboratory assistants at Cold Spring Harbor and at the University of Illinois during this period: 
Mr. and Mrs. C. C. Doak,Mr. and Mrs. L. F. Williams, 0 . J. Eigsti, Chas. La Motte, J. D. Combs, 
A. S. Johnson, H, C. Eyster, and T. F. Fagley. 
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though the pistils of standard Line i or self pollinations are used in 
our routine work (Buchholz 1931 and Buchholz and Blakeslee 
1932a). 

From among more than 40 genes affecting pollen-tube growth, which 
had been recognized up to 1931 and tested for their egg-transmission, we 
selected for special study five which belong to the second category. We 
have symbolized these: s-i, s-2, sb-i, sb-2, and Ip. These carrier strains 
may be continued by identifying and selling a carrier plant in each genera¬ 
tion. Our practice, however, is to keep these genes in our standard Line i 
race by each generation pollinating some of the carriers with the pollen of 
Line i. These genes are now in the 4th to 6th generation of backcrossing 
to Line i and, counting two selfed generations, they are from five to 
seven generations removed from the carrier in which they were originally 
found. 

All of these pollen-tube genes were obtained in the progeny of irradiated 
plants. Most of them came from plants in which the parent pollen had 
been subjected to radium treatment. Their presence could be recognized 
by abnormalities in pollen-tube growth whenever the pollen of a carrier 
plant was tested, though proof of their egg-transmissibility required tests 
of their offspring. The five genes selected were chosen because of their 
variety as pollen-tube abnormalities and because of the distinctive charac¬ 
ter represented by each type of abnormality (Buchholz and Blakeslee 
1932a) and the consequent ease and certainty in their diagnosis. 

Genes affecting pollen-tube growth do not necessarily come from the 
treatment of pollen. The gene s-i was not derived from pollen treatment, 
but from the treatment of an ovary 36 hours after pollination (12-14 hours 
after fertilization). The change represented by this gene was therefore 
induced in the zygote, probably before the fertilized egg had completed 
its first mitosis. We have also observed pollen-tube mutations in the 
progeny of treated pollen tubes (Buchholz and Blakeslee 1930), in the 
progeny of seeds treated with X-rays, and in plants resulting from the 
treatment of flowers after fertilization. It may be recalled that tricarpel 
(fc) came from the progeny of a haploid plant, so that the origin of this 
gene was not in any way connected with radiation (Buchholz and 
Blakeslee 1927). 

Our purpose in the rather intensive study of these pollen-tube genes was 
to establish their mode of inheritance and to discover their location on 
particular chromosomes. It is likely that genes of this kind may have an 
important role as a type of lethal in plants and their better appreciation 
may serve to throw much light on the nature of certain kinds of sterility 
and, more particularly, on the role of this mec ha nism of gametophytic 
selection in the evolution of plants. 
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DESCRIPTION OF THE POLLEN-TUBE TYPES 

The gene s-i (short pollen tube) was the first which we used extensively 
in crosses in an effort to discover linkages. In a carrier plant it is a recessive 
so far as the effect on the sporophyte is concerned. All carriers are fully as 
vigorous as non-carriers, and the pollen of a plant which carries this gene 
is perfectly normal in appearance as it is shed from an anther. There is no 
abnormality visible in meiosis, where the usual 12 bivalent chromosomes 
may be observed in diakinesis. It is only when the pollen is used in the 
pollination of a pistil that the pollen-tube peculiarity becomes recog¬ 
nizable. Six or more hours after pollination one finds the stigma pene¬ 
trated for a short distance by a large number of very short pollen tubes, 
which usually range between I and 2 mm in length. These remain short 
and do not function in fertilization, while the pollen tubes carrying the 
normal allelomorph of this gene have grown out long and continue growing 
through the style at the same rate as the pollen tubes of any normal 2n 
plant. Frequently the cell wall of the short tube is abnormally thick and 
transparent, the tubes are relatively broad, and usually do not burst. If 
the tests are conducted for 10-18 hours at i8-2i°C the tips of the long 
normal pollen tubes are still to be found within the style, and if the pollen 
tubes in test slides are counted, a close approximation to a i: i ratio is 
found for these two kinds of gametophytes, long and short tubes. Figure i 
represents diagrammatically the appearance of a stigma with the short 
pollen tubes, and figure 2 shows a diagram of the pollen-tube distribution, 
which may be described as type V distribution (Buchholz and Blakeslee 
193 2a). 

This gene will also manifest itself if the pollen taken from a Datura 
stramonium carrier is grown in the style of another species. An account of 
the behavior of pollen tubes in reciprocal pollinations between all possible 
pairs of ten species of Datura has been given elsewhere (Buchholz, Wil¬ 
liams and Blakeslee 1935). The gene s-i may be recognized on the 
stigma and style of any species of Datura in which the pollen tubes of Z>. 
stramonium show a reasonable amount of growth. Even when the longer 
pollen tubes all burst, as is true in many of the interspecific pollinations 
such as D, innoxia pollinated with Z>. stramonium^ the short pollen tubes 
with thick transparent cell walls and relatively broad diameter may 
usually be identified without difficulty. 

Furthermore, we have pollinated D, stramonium plants carrying s-x 
with the pollen of Datura quercifolia^ D, ferox^ and D. discolor^ and reared 
the hybrids. In half of these Fi hybrids, one could easily recognize the 
presence of this s-i gene when tests of the pollen tubes of the hybrids were 
made, whether the tubes were grown in their own pistils or in the pistils 
of either parent. Even though a large proportion of the pollen of these 




Figures 1-5. —Diagrams showing pollen tubes in styles with stigmas at left. Also graphs of dis¬ 
tribution of pollen-tube ends. Figure i—Diagram of pollen tubes of carrier of gene s- 1 ; Figure 2 — 
graph of distribution of ends of pollen tubes of above; Figure 3—diagram of pollen tubes of carrier 
of r-2/ Figure 4—diagram of pollen tubes of carrier of sh^i; Figure 5 —graph of distribution of 
pollen tubes of above. 


fore, stubbornly retains its identity and its outstanding characteristics in 
a variety of interspecific hybrid combinations, as well as in crosses be¬ 
tween genetic strains within the stramonium species. 
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The record of its egg transmission during six generations is as follows: 
358 non-carriers and 336 carriers among the 2n offspring of 2n carrier 
parents; 115 non-carriers and 119 carriers among the 2n offspring of 2n-l-i 
carrier parents; 30 non-carriers and 45 carriers among the an-j-i offspring 
of carriers. The ratios obtained were all disomic since the locus of the s-i 
gene was not borne by the extra chromosomes in any of the 2n-|-1 parents 
tested. These records include both seifs and female backcrosses and give 
a total of 503 non-carrier and 500 carrier offspring, which is the i: i ratio 
expected on the assumption that the gene does not adversely affect via¬ 
bility. A male backcross of a carrier to a normal female produced 47 off¬ 
spring, none of which were '^arriers. This confirms the conclusion reached 
from the behavior of the carrier pollen tubes that the gene cannot be 
transmitted through the pollen. Because of this non-transmissibility 
through the male, seifs and female backcrosses give similar ratios. 

Another gene very similar and almost as characteristic as the one de¬ 
scribed above is s-2, which also gives a type V pollen-tube distribution. It 
was obtained from a plant in the immediate progeny of pollen which had 
been treated with radium. The short pollen tubes of s-2 are somewhat 
longer than those of s-i; they arc more slender back of the end and some¬ 
what irregularly club shaped, occasionally somewhat irregular or beaded 
near the end, as shown in figure 3. They do not have the conspicuous thick 
wall described for s-i. They are likely to burst after longer periods, but 
very few will burst within about 12 hours; not all of them will burst after 
prolonged periods of testing. We have found no external structural differ¬ 
ences between the carrier plants and the non-carrier sibs. So far as its 
effects upon the external appearance of the plant is concerned, therefore, 
this gene acts like a recessive. It has been noted in many plantings, how¬ 
ever, that the non-carriers tend to come into flower a few days earlier than 
the carriers, so that the effect of this gene on a sporophyte carrier may be 
physiological. When considered in this light, therefore, it may be looked 
upon as slightly dominant, since this physiological effect may be more or 
less detectable in a heterozygote. 

The gene s-2 may be present in a plant without giving the short pollen 
tubes in every test. Early flowers of such plants, when their pollen was 
tested, have been found to show half of the pollen ungerminated (type 
VII distribution); then a week later the same plants were found to give a 
high proportion of germinated pollen with the characteristic short tubes. 
However, the short tubes or ungerminated pollen never give normal 
growth or long pollen tubes under any conditions of testing. We must 
conclude that s-2 is a gene which has more than one method of expression 
and test slides must be examined with care (and the tests giving type VII 
distribution repeated) lest a carrier be incorrectly diagnosed. The 50 per 



736 J. T. BUCHHOLZ AND A. F. BLAKESLEE 

cent ungerminated pollen (type VII) is not to be considered a positive 
test for this gene. Causes other than genes may at times be responsible 
for poor pollen germination. If s-2 is present in a plant, the pollen of an¬ 
other flower collected at a later time will usually give a positive diagnosis, 
unless the carriers suffer from drought or some other adverse environ¬ 
mental condition. 

The gene s-2 has also been recognized in the pollen of hybrids between 
D, stramonium and D. ferox, D. quercifolia, and D. discolor. If the tests are 
made at times when the pollen of a carrier gives satisfactory tests on 
styles of D. stramonium, the gene may be recognized when this pollen is 
grown in the pistils of other species. 

The segregation records of s-2 through egg transmission seem to vary. 
The first segregating planting from a self of the original parent gave 15 
non-carriers and 17 s-2 carriers. In the progeny of these carriers there were 
plantings in which the ratio was 62 non-carriers: 36 s-2 carriers, and 32 
non-carriers: 13 s-2 carriers; the massed data (from 22 plantings with 
records on more than 6 plants up to 1935) gave 334 non-carriers: 228 s-2 
carriers among 2n plants. It is not unusual to have recessives run low in 
ratios due to their deleterious effect on viability and this would seem to be 
the case in the present instance. However, the ratios may have been af¬ 
fected by the method of sampling. We have found that the earlier flower¬ 
ing plants were more often non-carriers and those flowering a little later 
had higher proportions of carriers. It is possible that the unequal ratios of 
the above plantings may have been due in part to plantings made from in¬ 
complete seed germinations or to incpmplete recordsof plan tings where only 
a portion of the family was tested. In our latest stock planting (3401556), 
backcrossed 3 generations and 5 generations removed from the origininal 
plant, we had only 15 plants and 9 of them were carriers, so that so 
far as this small number may indicate, there seems to be no shortage of s-2 
carriers. However, in all s-2 plantings of 1935 combined, in which only a 
few plants in each planting were tested, the ratios recorded were 62 non- 
carriers: 41 carriers. Plantings with less than 6 plants determined were not 
included. 

Another gene which we have recognized with ease in carrier plants is 
sb-i, which gives a type of pollen-tube distribution called Via (Buchholz 
and Blakeslee 1932a) shown in figure 5. This gene gives short pollen 
tubes which burst within the region from 2-8 mm from the top of the stig¬ 
ma. The bursting is somewhat characteristic. The ends of the burst pollen 
tubes appear ragged or frayed, as if to suggest that the protoplasm is thin 
and flows up and down with ease along the surrounding elongated cells of 
the conducting tissue. Thus the burst ends have slivers or barbs extending 
forwud and backward as shown in figure 4. The sh-i pollen tubes are al- 



POLLEN-TUBE GENES IN DATURA 737 

most never swollen or club-shaped, nor do they have a thick transparent 
wall as described for s-i. 

We have attempted to recognize this gene when the pollen of a carrier is 
tested on the stigmas of other species. Grown in the styles of species which 
do not give bursting of the D. stramonium pollen tubes, it may be recog¬ 
nized, but on the pistils of I), innoxia and 1 ). metdoides, where nearly all 
D, stramonium pollen tubes burst near the stigma, one could not be certain 
of recognizing this gene. Likewise, in making tests for carriers among inter¬ 
specific hybrids it would be very^ difficult to recognize the gene sh-i^ since 
there are usually many burst pollen tubes of all kinds from the pollen of 
such hybrids. 



Figure 6.—Diagram of pollen tubes of carrier of gene sh-i. 

Figure 7.—Diagram of pollen tubes of carrier of gene Ip 

Fk'.ure 8 . —Graph of distribution of ends of pollen tubes of a carrier of both genes sb-2 and Ip. 

Our segregation records of sb-i show a ratio of i non-carrier to i carrier 
in female backcrosses. For the 2n carriers pollinated with pollen of various 
genes and with the pollen of 2n -f i plants, the massed records of 7 progeny 
plantings have given 236 non-carriers: 234 carriers. The offspring of 2n-f-i 
carriers which had been pollinated with pollen containing various genes or 
“prime types” have shown 115 non-carriers: 105 carriers in ii plantings. 
The locus of the gene was not borne by the extra chromosome in any of 
these an-f-i parents. The totals for these female backcrosses are 351 non- 
carriers: 339 carriers. The records do not include many small plantings, in 
which only a few plants were tested. 
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One of the more difficult to recognize, yet distinctive pollen-tube genes 
is sb-2 (fig. 6). The pollen of carriers gives either a type VII or a type Via 
distribution (Buchholz and Blakeslee 1932a). The bursting of pollen 
tubes carrying this gene is preceded or accompanied by a swollen or rela¬ 
tively large club-shaped end, and occurs in the region of the stigma. In 
fact, not all pollen tubes which carry the gene will burst; they may only 
stop growing and may remain abnormally swollen. The appearance of 
sb-2 is very similar to the abnormal tubes obtained when the largest chro¬ 
mosome I ■ 2 is present as an extra (Buchholz and Blakeslee 1932). The 
difficulty offered by this gene comes from the fact thatvery often the pollen 
grains which carry sb-2 fail to germinate, so that we may have the 50 per 
cent ungerminated pollen (type VII) as the characteristic of this gene for 
many weeks during the early part of the reproductive cycle of a plant. 
Plants beginning to flower in July usually do not show the swollen or burst 
pollen tubes for several weeks, giving type VII distributions instead of 
Via, and in dry years it is not positively identifiable until past the middle 
of August. Very late in the season (September) the pollen of sb-2 carriers 
may give the 50 per cent ungerminated condition again. 

While we have had interspecific hybrids which were doubtless carriers 
for sb-2 it would not be an easy task to identify this gene with certainty. 
As stated before, both ungerminated pollen grains and burst pollen tubes 
are to be expected normally in the pollen produced by a hybrid, and this 
gene could only affect the quantitative relations of these abnormal classes 
of gametophytes. Of course, a gene whose diagnosis is not easy within the 
species would be expected to offer difficulties in the hybrids with other 
species. 

We should state that sb-2 was first recorded as a gene giving 50 per 
cent ungerminated pollen. We happened to make a routine cross of an 
sb-2 carrier plant with a white flowered type, planted the Fi’s and selfed 
and backcrossed them to white. When seeds from some of these were 
planted, the linkage with p was apparent in seifs and male backcrosses. 
When pollen-tube growth in the carrier plants was studied late in August, 
the characteristic which would most certainly identify this gene was noted 
as a type Via, or short burst pollen tubes, rather than the 50 per cent un- 
germinated pollen of type VII. The identity of this abnormality as supply¬ 
ing the pollen tube disturbances which give aberrant ratios in the segrega¬ 
tion of p could be established beyond question. 

The origin of sb-2 was from the treatment of pollen with radium. The 
first of the carrier plants, plant number 2901062(12) was one in the im¬ 
mediate progeny of the treated pollen. The distribution of the pollen tubes 
of this plant is shown in figure 8, a type VII distribution, with an excess 
of ungerminated pollen. This was also a carrier for Ip, a gene to be described 
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below, and the fact that about three-fourths or more of the pollen was 
ungerminated suggested at once that this plant was heterozygous for two 
or more genes. 

The segregation records in 12 plantings of seifs or female backcrosses in 
which six or more plants were tested have shown 100 non-carriers and 87 
carriers. 

Lobed pollen (Ip) is a gene which occurred in plant number 2901062(12) 
that is, it was found in the same original plant which carried sh-2. Its 
characteristic feature is that the half of the pollen which remains unger¬ 
minated becomes swollen at the three germ pores of each pollen grain so 
that the ungerminated half of the pollen may be described as ‘‘lobed 
pollen^^ (fig. 7). We have called this a type Vllb distribution. This gene 
type was isolated for study because of the very unusual condition by 
which it may be recognized, and as one which gives a positive diagnosis 
for type VIT which is characterized by 50 per cent ungerminated pollen 
grains. Sixteen plantings from carrier parents have given offspring with 
169 non-carriers and 168 carriers. 

This gene may be recognized in the pollen of hybrids made by pollinat¬ 
ing a D. stramonium carrier with the pollen of another species. Approxi¬ 
mately half of the hybrids will be carriers. The lobing is not always as 
pronounced,but it is an unmistakable condition, so that the Ip type appears 
to have the same general stability as some of the other easily recognized 
gene types, s-i and s-2. 

While sb-2 and Ip came originally from the same parent plant, these genes 
appear to be on different chromosomes. More recently we have obtained 
from the progeny of the same parent, a third unnamed gene, characterized 
by pollen tubes of the type VI which bursts within the upper half of the 
style. The new gene appears to have been carried along with, and partially 
masked by Ip in many of our plantings. 

METHODS USED IN LOCATING POLLEN-TUBE GENES 
IN PARTICULAR CHROMOSOMES 

In attempting to discover which of the twelve pairs of chromosomes 
carry the different genes affecting pollen-tube growth, we found that we 
were more limited in our methods than with ordinary genes which are 
pollen-transmitted. These genes are egg-transmitted to half of the progeny 
only, so that tests to identify plants which carry the particular pollen-tube 
abnormality are necessary in each succeeding generation. A number of 
special methods for locating genes in particular chromosomes have been 
developed in connection with the Datura investigations (Blakeslee 
1931). For the present problem four methods seemed available, although 
some of them could be used only in part. 
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Three of these methods are independent of a known gene in the chromo¬ 
some tested and the other method depends upon the previous location of 
a gene in the chromosome. These methods arc: (i) linkage with located 
genes; (2) linkage with such “prime types” as can be identified in the heter¬ 
ozygous condition by definite proportions of aborted pollen; (3) trisomic 
ratios, a method which is limited to the chromosomes which may be trans¬ 
mitted through the pollen as extras (i i • 12, 13 ■ 14, 1516, 21-22, and i • 2 
by way of 2 2); (4) hereditary behavior in transmission from a secondary 
trisomic to its primary. While we have made some use of all four of these 
methods, this last method was limited to the 1 • 2 chromosome. 

Linkage with located genes 

The method of linkage with known marker genes will be described first; 
and sb -2 will furnish an illustration of how such linkages may be recognized. 

TABI-t I 

Offspring of paretUs heterozygous for pollen-tube gene {sb-2) and gene 
for white flowers (p). 


9 BACKCROHSICS (f BArKCR 08 BE 8 

TO WHITE (p) TO WHITR{p) 



PURPLE 

WHITE 

PURPLE 

WHITE 

PURPLE 

WHITE 

Non-carriers 
{Sb-2)i in pedigree 310QI 

36 

43 

92 

90 

240 

87 

Calculated 


39‘5 

91 

91 


82 

Carriers 

{Sb-2 sb-2) in pedigree 31091 

239 

21S 

« 8 s 

700 

287 

242 

Carriers in pedigree 3201679 

Calculated for no linkage 

227 

227 

188 

373 

^57 >5 

642 

1342 

^57-5 

397 



An sb-2 carrier plant was pollinated with white (p). In the I'l plants follow¬ 
ing this cross the sb-2 carrier plants were identified. These were all hetero¬ 
zygous for white and were used in making male backcrosses to the reces¬ 
sive white. If the locus for this gene proved to be in the same chromosome 
as that for white (p) it would be in the chromosome carrying the dominant 
P and not in the chromosome carrying the allelomorph p. In male back- 
crosses, consequently, the P gametes, which also carry sb-2, would be elim¬ 
inated during pollen-tube growth. The progeny would be all white except 
for the crossovers, which are purple. Table i shows the results for both 
male and female backcrosses and seifs. 

There are actually a considerable number of purple plants or crossovers. 
Since only two classes appear, non-crossover whites and crossover purples, 
the percentage of crossing over is read directly. For sb-2 and p it is close to 
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22 percent. In practice we use the sb-2 carriers in male backcrosses, which 
give the ratio of 373 purples to 1342 whites. If the non-carriers of sb-2 are 
used in similar male backcrosses the ratio of purple to white is very nearly 
1:1, our records for sib non-carriers being g2P:gop. 

Linkage is seen also in the results from selfing which give 287 purples to 
242 whites when 397 purples to 132 whites arc the calculated values for a 
3:1 ratio. The ratios from selling indicate a lower crossing over value than 
the more accurate index from the male backcrosses. The non-carrier sibs 
when selfed have given 240 PiSj p, which is a proportion well within the 
probable error limits for a 3: i ratio. When carriers were female back- 
crossed, the offspring showed a 1: i ratio for purple and white without ap¬ 
parent effect of linkage. If the plants had been tested for pollen-tube 
growth, however, a higher proportion of purples than of whites would have 
been found to be carriers. 

The p gene is in the 17 • 18 chromosome, as also the genes curled (c) and 
wilt (w/)- It is also known that c and wt are in the 17 half of the chromo¬ 
some while p is in the • 18 half (Blakeslee 1929, 1930). The relative posi¬ 
tions of these three genes on the 17 18 chromosome have been determined 
by their linkage relations (unpublished data, Blakeslee and Avery). 
The gene %'l in the • 17 half is about 7 units from c, and p in the • 18 half is 
about 13 units from c. To this linkage group we may now add the gene 
5 h 2 toward the end of the 18 half. The data in table i indicate that sb-2 
is 22 units from p. Male backcrosses of sb-2 carriers heterozygous for c 
gave III C to 205 c plants in the offspring, a proportion which indicates 
about 35 per cent crossing over between these two genes. A test with wl 
and sb-2 showed only 33 per cent crossing over when somewhat more would 
have been expected, although there was a total of only 109 offspring in the 
backcross. The data as they stand are in general agreement with the 
arrangement of these four genes shown in the provisional map of the 17 • 18 
chromosome given below. 


7 13 22 



wt c p sb-2 


The above method of linkages with various marker genes of known loca¬ 
tion was also used with the other pollen-tube genes. In many cases, carriers 
were pollinated with the pollen of plants homozygous for several marker 
genes in order to obtain F/s heterozygous for both the pollen-tube gene 
and the markers. Male backcrosses were then made to the individual mark¬ 
ers. Since no linkages were found for the other pollen-tube genes with the 
exception of the gene s-2, only this latter need be considered. Bronze (Bz), 
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a dominant character, and ferox white (fw) are markers in the 3 • 4 chro¬ 
mosome. Male backcrosses of carriers heterozygous for these genes gave 
the following ratios; 30 Bz:^$bz and 61 Fw.Hzfw. The gene for inermis (a) 
is in the 1112 chromosome and the male backcrosses involving this gene 
gave the ratio 33 21:3s a. Male backcrosses involving curled (c), already 
discussed as in the 17 i8 chromosome, gave the ratio 88 6 :92 c. Male 
backcrosses involving pale-i in the 21-22 chromosome gave the ratio 
65 P/: 72 pi. Since the gene for tricarpel {k), which is in the 15 16 chromo¬ 
some, is transmitted poorly through the pollen, female backcrosses were 
used when this marker was involved and the s-2 plants identified in the 
offspring by tests of pollen-tube growth. Among the Tc offspring the ratio 
was 31 5-2:21 s-2 and among the k offspring the ratio was 30 S-2:16 s-2. 
It will be remembered that the gene s-2 runs low in female backcrosses. 
None of the above tests with gene markers showed any linkage. By this 
time, it had been determined by another method that the gene s-2 is 
located in the 13 14 chromosome. Linkage tests were therefore made with 
albino-2 (al-2), which is a marker for this chromosome. For albinos the 
male backcrosses to the recessive are not practical without a supply of 
flowering albino branches grafted on normal stocks. In consequence, the 
linkage was calculated from segregation from self pollinations. 

The pollen of a plant heterozygous for al-2 was used on a heterozy¬ 
gous s-2 female and in the progeny only the selfed seeds of s-2 plants were 
saved and planted. The progenies of four of these s-2 plants did not segre¬ 
gate for albino and were discarded, those of three of these gave albino seg¬ 
regation in the combined proportion of 260 normal: 134 albino, or 34 per 
cent albino. This ratio shows an excess of albinos. The calculated values 
for a 3:1 ratio are 295.5 yl/:98.5 al, so that the excess of 9 albino plants per 
100 is attributable to this linkage. The linkage value may be computed 
from the selfed progeny in this case with a fair degree of accuracy since 
there are only two classes of phenotypes, resulting from the two classes 
of gametes carried by the functional pollen tubes. The male non-crossover 
gametes all carry albino and only the crossover gametes carry the normal 
allelomorph of albino. If there were no linkage, the expected proportion 
from selfing would be 25 per cent albinos and if the linkage were close, let 
us say with less than one per cent crossing over, the expected proportion 
would be close to 50 per cent albinos. Thus the linkage scale (from 1-50 
per cent crossovers) is read as the difference obtained between the limits 
of 50 per cent albino seedlings and 25 per cent albino seedlings. Since the 
increases in linkage values decrease the observed proportion of albino 
seedlings, the linkage scale reads in reverse order from the seedling scale. 

Our observed albinos form 34 per cent, or 9 per cent in excess of the 25 
per cent expected from selfing when linkage does not occur. This 9 per 
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cent is nearer to the 25 per cent limit than to the 50 percent limit on the 
scale and must be multiplied by 2 and subtracted from 50 in order to give 
the linkage value which would be exi.ected in a male back cross. Our ob¬ 
served results, therefore, indicate a crossover value of ^2 per cent between 
s-2 and al-2, assuming that there are no other conditions present which 
would modify this ratio. The situation may perhaps be made clearer by 
giving the ratio oi Al and al for the male and female gametes. 

Female gametes—i al 

Male gametes—32 . 4 /-1-68 al 

F2 zygotes—32 (yl/)2-l-ioo Al a/-1-68 (al)^ or 132 ^/:68 al. 
The ratio 132 Al:68 al equals 260 yl/:i35 al, which, except for a discrep¬ 
ancy of 1 due to disregarding decimals, are the numbers actually found in 
the backcross. 


Linkage with prime types 

The method of linkage with appropriate prime types has been used 
successfully for the location of the gene s-2, as also for the location of other 
genes in Datura (Blakeslee 1931). Prime types (Bergner, S.atina and 
Blakeslee 1933), it will be remembered, are races in which certain chro¬ 
mosomes have been modified in terms of those of our standard Line i. 
They include chromosomal changes brought about by segmental inter¬ 
change and simple translocation, which give circles, chains and “neckties” 
of four or more attached chromosomes in the heterozygous condition. 
Most of the “neckties” are associated with 50 per cent aborted pollen grains 
some of the chains with 50 or 25 per cent aborted grains and a few of the 
circles with 25 per cent pollen abortion. I’he cause of the pollen abortion in 
some of these cases has been discussed (Bergner, Satina and Blakeslee 
1933) but need not concern us here. The important fact for our present con¬ 
sideration is that plants heterozygous for such prime types can be identi¬ 
fied by inspection of the pollen without resorting to cytological technique. 
Linkage of a gene with the modified chromosomes of such prime types can 
be used therefore to show that the locus of the gene in question is in one of 
its two or three modified chromosomes. 

Our s-2 carriers, which are in the standard Line i, were used as females 
in crosses with the various prime type testers which show definite propor¬ 
tions of shriveled pollen grains in the heterozygous condition. Plants in 
the Fi generation from this cross show the percentage of aborted pollen 
grains characteristic for the heterozygous prime type involved in the cross. 
An Fj carrier was then identified and its pollen used in a male backcross 
to Line 1. Half of the male gametes will carry the Prime type chromosomes 
and half the unmodified Line i chromosomes. If no linkage is involved 
with s-2 the Line i male gametes will unite with the Line 1 female gametes 
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to produce plants homozygous for Line i and characterized by good 
pollen. Prime type male gametes, on the other hand, will unite with the 
Line i female gametes to produce plants heterozygous for the prime type 
and characterized by a definite proportion of aborted pollen. The results 
of the tests are shown in table 2, where linkages with the chromosomes 
involved in the several prime types are shown by + signs and lack of 
linkage is shown by — signs. 


Table 2 

Male backcrosses slwwing segregation of male gametes in s-2 
carriers heterozygous for prime types. 

A sigfi indicates linkage with prime type tester^ a — sign indicates no linkage. 


PRIUK 

TYPE - 

TYPE or cf 

GAMETES 

ClIROMOBOMES TESTED BY BACKCttOBSES 


L I 

PT 1-2 3*4 

5*6 7 ■ 8 g • 10 II • 12 

13 • U 1 

[^ •16 17 • 18 IQ • 20 21 • 22 

23 * 24 

U8ED 

3 

37 

40 

— 


- 


7 

40 

31 

— 


— 


II 

4 

79 



-f 


IS 

24 

24 - 



— 


16 

42 

44 

— 


— 


17 

3 

63 


+ 


+ 

19 

8 

74 -h 


-f 



30 

3 

106 


•f 


+ 

34 

74 

75 

— 



— 

36 

25 

73 

■f 

-f 




Prime type 3 has the chromosomes 1112 and 21 22 modified. Prime 
type 7 has the chromosomes 9 10 and 19-20 modified. Backcrosses in¬ 
volving these two prime types give a i: i ratio of plants with good and 
with a characteristic percentage of aborted pollen and hence show that 
s-2 is not linked with the modified chromosomes involved in these two 
prime types. The case is quite otherwise with prime type 11 which con¬ 
tains chromosomes modified from the 11 • 12,13 ■ 14, and the 17-18 chromo¬ 
somes. Out of the 83 plants from the backcross, 79 had 25 per cent aborted 
pollen and thus were shown to have come from prime type ii male 
gametes while only 4 had good pollen and were thus known to have come 
from Line i male gametes. The gene s-2 was originally in Line i and hence 
linked to Line i chromosomes. Unless the linkage is broken by crossing 
over, the Line i pollen of the Fj plants will contain the chromosome bear¬ 
ing the s-2 gene, so that their pollen tubes are kept back or sifted out 
when this pollen is used in a backcross. It is only the prime type ii half 
of the pollen which remains functional and reaches the ovary. The progeny 
from this male backcross to Line i, therefore, will be the result of the 
cross line i by prime type ii and all the plants will be recognizable as 
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hetcrozygotes for prime type ii by 25 per cent aborted pollen grains ex¬ 
cept for a few crossover plants which will have good pollen. As seen by 
the table, there were 4 or 4.8 per cent of such crossovers between s-2 and 
prime type ii. It is thus shown that s-2 is linked with prime type ii 
and hence its locus is in one of the three chromosomes which have been 
modified in this prime type. In other words, its locus is in the ii • 12, the 
13 14, or the 17 18 chromosome. Linkage is shown again in tests with 
prime type 17 which enables us to say that s-2 is located in the 9 -10, the 
13 14, or the 23 24 chromosome. It must therefore be in the 13 14 chromo¬ 
some, which is the only one involved in both prime type ii and prime 
type 17. As will be seen from the table, this conclusion is confirmed by 
tests involving four other prime types which contain modified 13*14 
chromosomes. Prime types not involving the 13 14 chromosome do not 
show linkage with s-2. Negative evidence is not conclusive since the 
distance of the gene may be so far removed from the point which limits 
the linkage that 50 per cent crossing over may occur; and this cannot be 
distinguished from random assortment of unrelated chromosomes. All the 
chromosomes have been tested by the prime type method except the i • 2 
chromosome and this chromosome has been tested by the trisomic 
method to be discussed later. In using the prime type method it is im¬ 
material whether the Fi is male backcrosscd to Line 1, which was the usual 
procedure, or to the prime type. Either female parent would serve to 
identify the male gametes. In the first case the plants with good pollen 
would have come from Line i male gametes and those with definite pro¬ 
portions of aborted pollen from the prime type male gametes, while in 
the second case it would be the plants with good pollen that came from 
the prime type male gametes. In a few cases, such as prime type 34, the 
homozygous prime type is recognized by morphological peculiarities, a 
fact which enables one to record by inspection of the plants rather than 
by examination of the pollen when the prime type is used in backcrosses. 

Tests by the prime type method are being made of the other pollen- 
tube genes that we have discussed in this paper. The results so far ob¬ 
tained appear to indicate that s-i is in the 9 10 or the 19 20 chromosome. 

Method of trisomic ratios 

From the beginning of our studies of the pollen-tube genes we have 
attempted to use trisomic ratios as a means of locating these genes. It 
may be recalled that for the gene tricarpel (tc) the trisomic method was 
used successfully (Buchholz and Blakeslee 1927), but in that case the 
2n+i plants could be rendered heterozygous for tc by direct transmission 
of this gene through the pollen of the homozygotes. Although tc suffers a 
high elimination in pollen transmission when it is obtained from a hetero- 
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zygous plant and some even when it is homozygous, the Fi^s may be ob¬ 
tained without great difficulty and the trisomic segregation may be ob¬ 
served in female backcrosses without the complications of the disturbance 
due to differential elimination of tc pollen tubes in male backcrosses. 

However, the pollen-tube genes described in this paper cannot be trans¬ 
mitted through the pollen and their homozygotes are unknown. Our only 
practical method of combining 2n + i plants with the pollen-tube genes is 
to obtain carriers in crosses resulting from the successful pollen trans¬ 
mission of the extra chromosome. 

We have indicated the possibilities of pollen transmission of extra chro¬ 
mosomes in previous papers (Buchholz and Blakeslee 1932, Blakeslee 
1934). Special methods must be used, such as restricting the pollen and 
selecting the seeds from the lower half of the seed capsule. Where restricted 
pollinations were made, usually the lower half contained the largest pro¬ 
portion of trisomics. In some instances we mixed the pollen of three or 
four trisomic plants and used this pollen mixture sparingly in pollinations 
with the expectation that more than one of the 2n +1 types used for the 
pollen would appear in the offspring. We have also transmitted extra 
chromosomes by a method of splicing styles (Buchholz, Doak and 
Blakeslee 1932), but this method had not been perfected when we began 
the work reported in the present paper. From our efforts at pollen trans¬ 
mission with restricted pollinations we have been able to obtain 2n + i 
plants for the primary chromosomes 1112, 13 14, 15 16, 21 22, and for 
the secondary chromosome 2 2, The latter may be used in obtaining its 
primary 2n-f i 2 as a carrier. Thus we should be able to test for trisomic 
segregation from five of the twelve chromosomes. 

The segregation for s-2 from three of the trisomics is shown in table 3. 
The numbers tested from the 20 + 15-16 were too small to be included 
and the i • 2 chromosome was handled by another method to be discussed 
shortly. 

Had we relied on the trisomic methods alone, we would have failed to 
locate $h-2 since this gene is on the 17 -18 chromosome which is not 
pollen transmissible as an extra. Although we stated (Buchholz and 
Blakeslee 1932) that this extra chromosome gives indications of being 
pollen transmitted at times to a very limited extent, we have been un¬ 
successful thus far in several attempts to obtain 2n+i7 i8 carriers of 
s-iy s-2 and sb-j. 

As our table 3 indicates, the segregation obtained from 2n + i carriers 
was I: I and did not differ essentially from the segregation of ordinary 2n 
plants except in the case of the 2n+i3 i4 carrier. Here the expectation 
of a trisomic ratio of 2: i among the 2n offspring and i: 2 among the 2n 
+1 offspring is closely approximated. The evidence from trisomic ratios, 
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therefore, confirms the evidence from linkage with prime types and from 
linkage with the visible character al-2. There seems little doubt that the 
gene s-2 is in the 13 14 chromosome. 

Table 3 

Segregation from 2n-^i types heterozygous for s-2. 


OFFSPKlNa 


9 carrikrb 

USED IN 

CR088EH 

211 


2 n +1 


NO. PLANTS 

NOT TBBTED 

NO. PLANTS 

GROWN 

N()N-rAKRIER 8 

CARRIERR 

Nr)N-('ARRIERS 

CAKIlIKKB 

an 

2 n-f I 

2n-f 21•22 

36 

2q 

3 

I 

8 

7 

85 

2n+i3 14 

45 

24 

3 

6 

7 

4 

89 

2n-{-i I • 12 

26 

21 

12 

6 

I 

1 

67 


We have found that the trisomic method is not a very practical one for 
the initial location of one of these pollen-tube genes. This method depends 
upon the distinction between a 2:1 and a 1:1 ratio and thus requires 
large plantings. Every plant moreover should be tested for abnormalities 
of pollen-tube growth, and this procedure entails a relatively large amount 
of labor in comparison with the other methods available. 

Segregation from secondaries 

A fourth method which was used is that of testing the inheritance of 
the pollen-tube gene from a secondarj'^ to its primarj'. The primarj’ i ■ 2 
chromosome is not pollen-transmissible, but the secondary 2 2 may be 
easily obtained by pollen transmission from restricted pollinations. An 
s-2 carrier plant combined with a 2n-h2 2 plant may be expected to give 
among the primaries which it throws some s-2 2n-f-i 2 plants. If all 2n 
+ 12 plants so obtained are s-2 carriers without exception, it might indi¬ 
cate that the gene is on the i 2 chromosome. Our tests by this method 
were all negative; there were both carriers and non-carriers of s-2 among 
our 2n-fi-2 plants coming from 2n-|-2 2 carriers. We could therefore 
conclude that, barring the possibility of crossing over on the • 2 half of 
this chromosome, the genes in question were not in 1-2. Since crossing 
over might occur between the extra 2 2 and a gene located on the • 2 half 
of the 1 • 2 chromosome, this method would be a certain test only for a gene 
located on the • i half of this chromosome, if the tests were repeated for at 
least ten to twelve different 2n-t-i-2 plants reared from 2n-f2-2 carriers 
and these were found to be carriers without exception. 

In the experiments which had for their purpose obtaining 2n-fi types 
heterozygous for the pollen-tube genes, some additional data on trans¬ 
mission of extra chromosomes through the pollen v/ere secured. Thus, 
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when a normal plant was crossed with a 20+2 -2 male parent and a 
limited amount of pollen was used, a relatively high proportion of 20+2 • 2 
plants (18.7 percent) were secured in the offspring. The high transmission 
of the 2 -2 chromosome through the pollen is more striking when the 
progenies of seeds from the upper half of the capsule are considered 
separately. From the upper half of the capsule there was only one 20 + 2 2 
plant from 41 seedlings while from the lower half there were 16 (or 32 per 
cent) 2n + 2 - 2 plants from 50 seedlings. The experience with this, as well 
as with the other 2n+i types, the extra chromosome of which can be 
carried through the pollen, shows that the pollen-transmission of the extra 
chromosome can be depended upon to yield a sufficiently high proportion 
of 2n + i plants to secure some trisomic carriers. 

DISCUSSION 

While these piollen-tube genes were all obtained in the progeny of irradi¬ 
ated plants, there is no reason to suppose that similar abnormalities might 
not arise spontaneously. If they should arise they would soon be lost in the 
gametophytic selection which purges the pollen in each generation. Pollen- 
tube genes would be transmitted through the eggs of a carrier to half of 
the progeny in each generation. In seven generations there would be less 
than I per cent carriers in the total progeny of a carrier plant. This fact, 
added to the probability that their spontaneous occurrence would prob¬ 
ably be infrequent, would make the search for spontaneous mutations of 
this kind in inbred lines very discouraging from the start. We have not 
found genes of this kind in untreated materials, but we have not made a 
systematic search for them on a large scale. Our examination of hundreds 
of plants in various investigations has not led to the discovery of any of 
the pronounced and easily recognized genes of the category described here. 

We have also examined the progeny of irradiated plants which, in spite 
of the treatment, gave normal pollen-tube growth, and we have found 
that such progenies had essentially normal pollen-tube growth in the 
subsequent generation. When pollen-tube genes of any type were first 
recognized in the progeny of treated plants they were usually found to 
segregate approximately in a i: i ratio through egg transmission, though 
the carrier plants were sometimes deficient. We have also observed one 
very pronounced pollen-tube abnormality which was not transmitted 
maternally. 

As stated in our introduction, there is no connection between these 
pollen-tube abnormalities and the manner in which the irradiation was 
administered. The pollen-tube genes are not peculiar to pollen treatment. 
Abnormalities of various types have appeared in the progeny of irradiated 
seeds and of plants otherwise subjected to the action of radium and 
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X-rays. However, when treatment is applied to seeds and more mature 
plants in which there are already several cells in the meristematic stem 
tip, the various forks or branches of the plant which may develop subse¬ 
quently often differ from each other. The flower bud examined cytologi- 
cally is not necessarily the same as another one on the same plant used for 
a seed progeny. It is not certain that all parts of the same flower or seed 
capsule are genetically alike. It is only after one generation of seed prog¬ 
eny had been grown that the different meristematic growing points 
would be uniform so that one might advantageously begin in a series of 
analytical studies. 

The peculiar advantage of pollen treatment as a source of these pollen- 
tube abnormalities, as well as other kinds of genes, lies in the fact that 
every branch of a plant in the immediate progeny, or all of its flowers, 
may be expected to be genetically similar. When pollen is treated, we 
may be sure that only a single treated cell, the sperm nucleus, contributes 
a haploid set of chromosomes and that there is a similar haploid set of 
untreated chromosomes contributed by the egg. Thus we not only save a 
generation in obtaining plants in which the cells are genetically uniform 
throughout, but we may observe the induced changes if any arc present 
which show in pollen-tube growth, in the pollen of the immediate progeny 
of the cells treated. 

When radium is used the treatment is very easily administered to the 
pollen, on account of the short distances of exposure to this agent; and 
with either the X-rays or radium the treatment may be given in a labor¬ 
atory far removed from the plants which furnish or receive the pollen. 

In spite of the very pronounced effect of the various genes described 
here on the pollen tubes which carry them they appear to have no effect 
on the segregation ratios of genes carried by other chromosomes. Of course, 
they operate to lessen the seed yield in the progeny, but this is partially 
compensated by the fact that pollinations are usually heavier than neces¬ 
sary to supply the pollen tubes needed in fertilization. It is only when they 
are found to be linked with genes of other types that they give rise to pro¬ 
nounced disturbances in genetic segregation ratios of the genes so linked. 
Since there arc 12 pairs of chromosomes in Datura, the probability of 
linkage of any one of our pollen-tube genes with other genes would appear 
to be one in twelve. However, as is well known, linkage between genes 
with approximately 50 per cent crossing over would give the same results 
statistically as the independent assortment of non-linkage. The expecta¬ 
tion of disturbances due to linkages of a random sample of other genes of 
unknown location with one of our pollen-tube genes would therefore be 
less than one in twelve. Our data on linkage studies have borne out this 
expectation. 
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EVIDENCE THAT POLLEN-TUBE ABNORMALITIES ARE DUE TO GENES 

That the pollen-tube genes described in this paper arc actually genes 
and not some other type of abnormality is indicated by several lines of 
evidence, (a) The pollen of these plants has no more shrivelled pollen 
grains than any other 2n plant. The pollen is normal in appearance as it 
is shed from the anthers, (b) The carrier plants have been examined by 
our group of cytological investigators (the first carriers as well as carriers 
four or more generations later) and have always been found to be normal 
at meiosis showing in diakinesis 12 bivalent chromosomes, (c) The genes 
follow a definite mode of inheritance, they are transmitted maternally 
only to half of the progeny, (d) They give segregation ratios which ap¬ 
proximate the theoretical expectations which follow a gamete ratio of 1:1. 
The paternal segregation is recordable as the number of long normal and 
short abnormal pollen tubes, and the maternal segregation is recorded by 
the ratio of the non-carriers to the carriers, which is usually also a gametic 
I: I ratio, (e) They are like recognized genes for visible characters in that 
they may be located in definite chromosomes and show linkage phenomena 
with the accompanying crossing over. These pollen-tube genes, therefore, 
fulfill all of the usual tests for genes. 

Some might suggest that these genes are deficiencies, deletions from 
chromosomes, or translocations. The fact that they are all recessives might 
also suggest deficiencies. If they are deficiencies the parts of the chromo¬ 
some missing must be very small. Deficiencies involving only a half of 
a chromosome, or in some cases only the hump or satellite of a chromosome 
(Bergner, Satina and Blakeslee 1933) have been known to result in 
shrivelled pollen. However, the pollen grains which carry the pollen-tube 
genes appear to be perfectly developed. Furthermore, if the deficiency is 
large or if a translocation should be involved one might expect to observe 
this cytologically. 

It should perhaps be mentioned that in certain cases in Datura (Blake¬ 
slee, Avery and Bergner 1935) excess chromosomal material has been 
found to behave in inheritance like a recessive and is distinguishable from 
a gene only by cytological examination. Recently, moreover, a pure- 
breeding type with extra chromosomal material has been synthesized 
(Blakeslee, Bergner and Avery 1936) which cannot be distinguished 
from the effects of a gene by the the usual cytological tests. We feel it 
desirable, therefore, to exercise a degree of caution in stating that we be¬ 
lieve the pollen-tube abnormalities we have described are due to specific 
genes. The same caution, however, should be exercised regarding most 
other described genes. 



POLLEN-TUBE GENES IN DATURA 7Sr 

SUMMARY 

Five abnormalities in pollen-tube growth are described. I'wo {s-i and 
s-2) are characterized by very slow growth of tubes without bursting. 
'I'wo (sb-i and sb-2) arc characterized by slow growth with bursting. One 
(Ip) has pollen grains which fail to germinate, but become lobed at the 
germ pores. 

These abnormalities are not transmitted through the pollen but are 
transmitted through half the egg cells. 

The pollen-tube type sb-2 shows linkage with the genes p, c, and wl 
which have been previously shown to be in the 17 -18 chromosome. 

The type s-2 has been located in the 13 14 chromosome (a) by linkage 
with certain prime types which show definite proportions of aborted pollen 
when heterozygous, (b) by trisomic ratios from zn-f 1314 plants which 
were heterozygous for s-2, and (c) by linkage with a gene (al) in the 13 • 14 
chromosome. 

The pollen-tube abnormalities are not associated with any recognizable 
chromosomal peculiarities, show linkage with known genes and are there¬ 
fore believed to be due to genes. 
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E xhaustive experiments conducted by So (1921) clarified the 
genetic nature of the white-striated ‘Okina-Mugi’, an agronomical 
variety of Ilordeutn vulgare, the results of which were referred to in one of 
my early publications (Imai 1928). I have since verified his conclusions 
with hybridization experiments. In 1930, one of the variegated plants 
from a pure line showed a tricolorcd mosaic through additional coloration 
to yellow. Since the appearance of the tricolored stock I have extended 
my research in order to learn its nature. Last winter’s cold severely affected 
and finally destroyed all the tricolorcd rosettes and some of their sister 
white-variegated ones, putting an end to the investigation to be here de¬ 
scribed. 

The white-variegated barley behaves as a simple recessive, the variega¬ 
tion being linked very closely to the normal allele of contracted habit 
(So, OetJRA and Imai 1919). Although the gene itself is very constant, it 
stimulates the recurrence of plastid mutation from green to white, or in 
other words, exomutation of plastids occurs recurrently (Imai 1936). The 
exomutation rate varies with environment (Imai 1935). Since the white 
stripes or sectors are due to the propagation of mutant albinotic plastids, 
the white seeds give rise to albinos when they are germinated. In this 
plant the inheritance of plastids is maternal, the pollen tubes contributing 
no plastids to zygotes through fertilization. 

In 1930, a white-variegated pedigree gave a seedling with green-varie¬ 
gated yellowish (tricolored) leaves along with 165 white-variegated (al¬ 
most green at the seedling stage) sister seedlings. The mutant further grew 
to produce four variegated ears. The leaves of the adult plant are Ridg- 
way’s Light Greenish Yellow, variegated with Spinach Green stripes as 
well as with white ones, presenting a tricolored foliage. The yellow color 
varies with the condition of the leaves, the young leaves resembling Cosse 
Green, which fades away to Martius Yellow with age. Because of the fact 
that the yellow parts become very greenish, although the white stripes 
are very evident, usually the difference in the color of the ears is not very 
marked. 

From the 1931 sowing, the seeds germinated with results as shown in 
tabk I, is which will be found the data for progenies of the mutant and 
its sister white-variegated plants. 
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In this and subsequent tables the almost green (pseudogreen) seedlings 
which develop into white-variegated are classified as white-variegated 
while the green-variegated yellowish (bicolored) seedlings which later de¬ 
velop white stripes are classified as tricolored. 


Tabll I 


MOTHEU PLANT 

NUMliBIl 

OP 

PLANTS 

WHITB- 

TRICOLOItPD YELLOW 

VARIEGATED 

ALBINOTIC MOSAIC 

TOTAL 

White-variegated 

Tricolored 

I 

25407 - 

150 17 35 

811 31 

3 0 

26249 

205 


Except for the occurrence of a few albinotic and mosaic seedlings, the 
white-variegated sister plants bred true to type. The tricolored mutant 
gave 150 white-variegated, 17 tricolored, 35 yellow, and 3 albinotic seed¬ 
lings, that is, 73.2 per cent reversional individuals. The yellow seedlings 
die about three wrecks after germination. The tricolored seedlings, the 
extent of variegation of which varies in all gradations, survive and grow 
further, except however those having small green parts. 

Seeds of 32 white-variegated and 6 tricolored plants derived from the 
mutant pedigree were sown in 1932. The data collected from the seedling 
beds are shown in table 2. 


T \BLL 2 


MOTHER PLANT 

NUMBER 

OP 

PLANTS 

EARS 

WHITE- 

VARIEGATED 

TRi- 

YELLOW 

rOLtlRKD 

ALBI¬ 

NOTIC 

MOSAIC 

TOTAL 

Wliite-variegated 

I'ricolored 

32 

6 

268 

/whitc-varieg. 30 
\ tricolored 10 

12444 

1351 

360 

40 36 

508 

57 

4 

S 

0 

I 

12960 

1408 

441 


Six tricolored plants, which were mosaic for green, yellow, and white, 
shot out 40 ears. Of these, 30 ears were white-variegated and produced 
1351 white-variegated offspring, together with 57 albinotic seedlings, 
whereas 10 ears were tricolored and gave 360 white-variegated, 40 tri¬ 
colored, 36 yellow, 4 albinotic, and i mosaic. I'he tricolored plants thus 
failed again to breed true to type, producing many reversional white- 
variegated in their offspring. The green stripes or areas‘that occurred in 
the tricolored sporophytes are due to somatic mutation, the occurrence of 
which was so frequent that all the yellow ears were variegated, the off¬ 
spring containing many mutated white-variegated seedlings. Somatic mu¬ 
tation occurs at every stage of plant ontogeny, the earlier mutation result¬ 
ing in heavily green-variegated plants that bear many green ears with 
white stripes, and later mutation in slightly variegated plants! Some yel¬ 
low seedlings may therefore be variegated and others without any appar- 
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ent green stripes. Pure yellow seedlings, however, die before sending out 
second blades, without a chance to grow further by means of the mutated 
green tissues, which, if they had sufficiently developed at an early stage, 
would have made a full life cycle possible. 


Table 3 


BARS 

WHITB- 

VARIBOATED 

TRICOLORED 

YELLOW 

ALBINOTIC 

MOSAIC 

TOTAL 

Tricolored 4 

I7I 

38 

37 

0 

0 

246 

Slightly tricolored i 

0 

0 

46 

0 

0 

46 


From white-variegated plants, 32 tests gave rise to 12444 white-varie¬ 
gated, 508 albinotic, and 8 mosaic seedlings. The recurrent mutation being 
of plastids, and not of genes, the revcrsional plants invariably bred true 
to white-variegated. The white-variegated shoots from tricolored plants 
behaved in the same way. 

In 1933, the sowing was restricted to seeds collected from one tricolored 
plant, the others having been damaged by moths. The results obtained 
are shown in table 3. 

The data confirm the mutable nature of the tricolor. The four ears that 
gave mixed progeny were variegated with green stripes, while the fifth 

Table 4 


TIAB 


MOTBIB 

PLANT 


NXniBIR 

OP 

PLANTS 


EARS 


WHITl- 

VA^IE> 

GATED 


TRICOL- 

OBED 


TELLOW 


ALB 1 > 

NOTIC 


MOSAIC 


TRICOL- 

ORBD 

MOSAIC 


TELLOW 

MOSAIC 


TOTAL 


White- 

variegated 


1934 

150 


716 

34249 

— 

— 

1687 

31 

0 

0 

35967 



white-varieg. 

8 

423 

— 

— 

14 

0 

0 

0 

437 

Tricolored 

10 ^ 

heavily tricol. 

10 

505 

7 

6 

22 

3 

0 

0 

543 

tricolored 

28 

868 

298 

296 

43 

4 

0 

0 

1509 



slightly tricol. 

3 

13 

31 

104 

I 

0 

0 

0 

149 

White- 

variegated 












193s 

30 


162 

3913 

— 

— 

260 

5 

0 

0 

4178 


« 

white-varieg. 

84 

2956 

— 

— 

127 

0 

0 

0 

3083 

Tricolored 

31 ^ 

i 

heavily tricol. 

30 

957 

71 

84 

48 

17 

0 

0 

1177 

tricolored 

74 

io86 

344 

982 

125 

3 

I 

2 

*543 



slightly tricol. 

17 

25 

19 

547 

27 

0 

0 

2 

620 


ear was very slightly variegated, giving however all yellow seedlings that 
died at the seedling stage. 

Theiull data were obtained in 1934 and 1935 by successive pedigree 
caitures, as shown in table 4. 
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Tests made during these two years with offspring of i8o white-varie¬ 
gated derived from the tricolored mother plants, resulted in all producing 
the expected forms. The ears on 41 tricolored plants were classified ac¬ 
cording to the degree of variegation into 40 heavily tricolored, 102 tri¬ 
colored, 20 slightly tricolored, beside 92 white-variegated. The last-named 
ears gave all pseudogreen (white-variegated) seedlings, except some al¬ 
binos, while others segregated into yellow and its variegated forms. 

Experiments and observations made during five years support the view 
of recurrent mutation of plastids as will be seen from the following results; 
First, crossing experiments conducted in 1935 revealed that tricolor 
variegation is transmitted only through the mother. The tricolored ears, 
when out-pollinated by self green, gave 32 white-variegated, 15 tricolored, 
20 yellow, and 2 albinotic seedlings, while its reciprocal mating resulted in 
82 normals. Except for the yellow and albinotic seedlings, they were trans- 

Table s 


CARS TRICOLORBI) YELLOW TOTAL ALBINOTIC 

VARIEGATED 


White-variegated | 

^4730 

1 100% 

- 

— 

4730 

100% 

198 

Heavily tricolored | 

’146s 

1 88 . 8 % 

95 

5 - 75 % 

90 

5 - 45 % 

1650 

100% 

70 

I'ricolored | 

^643 

[ SS- 4 % 

738 

IS- 5 % 

1388 

29 - 1 % 

4769 

100% 

125 

Slightly tricolored | 

f 38 
[ 4.8% 

SO 

6 - 4 % 

697 

88.8% 

78s 

100% 

28 


planted to a field to facilitate further growth, but the severe winter killed 
these rosettes. Second, no ears were pure yellow, but variegated with 
green,indicating the recurrence of somatic mutation. If tricolor variegation 
was due to sorting out of mixed green and yellow plastids, pure yellow ears 
or tillers should have resulted, whereas scarcely any came under my ob¬ 
servation, although a few leaves may have been yellow without green 
variegation. Third, too many tricolored seedlings were segregated to be 
regarded as the result of sorting out of mixed plastids. The green-and-white 
mosaic seedlings from white-variegated ears amounted to only 0.2 per cent, 
average (Imai 1936), while the yellow-and-green (tricolored) seedlings were 
quite numerous (see tables). 

The data on the offspring of the tricolored plants for five years have been 
summed up and shown in table 5. In the table, green-and-white mosaic, 
yellow-green-and-white mosaic, and yellow-and-white mosaic seedlings 
are included in white-variegated, tricolored, and yellow segregates, re¬ 
spectively. Somatic segregation is apparent from the data, while the extent 
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of variegation in the mother ears is strongly correlated with the proportion 
of the white-variegated (pseudogreen) and yellow offspring. 

From the foregoing descriptions it is clear that tricolored barley is 
conditioned by the following gene and plastids: The gene, which is re¬ 
cessive to normal, stimulates the recurrence of plastid mutation from 
green to white and from yellow to white. The plastids are exomutable 
from green to white and from yellow to white, and automutable from yel¬ 
low to green. The occurrence of the original tricolored plant is due to 
sporadic plastid mutation from green to yellow. The mutant yellow plas¬ 
tids, owing to their automutable nature to become green in sporophytic 
ontogeny, resulted in a bicolor. Further, through stimulation of the gene 
carried by the stock, recurrent exomutation of plastids added to it white 
variegation. The scheme presented in figure i indicates the action and 
reaction of the gene and plastids. 



Figure i.--*The genetic mechanism of tricolored barley. The large circle is the nucleus and the 
small the plastids. The solid ripple-like lines indicate the action of the nuclear genotype in pro¬ 
ducing ample chlorophyll pigments in the plastids, while those extending only a short distance out 
from the centre of the nucleus represent the manner in which the plastid character manifests 
itself independent of the control of the normal nuclear genotype. The zigzag line joining nucleus 
and plastid indicates the effect of the former in changing the property of the latter The solid 
plastid is green, the dotted yellow, and the blank while. The vanes of the plastid show automu¬ 
tability. The thick arrows indicate recurrent mutation and the thin, sporadic mutation. 

Plastid exomutation from green to white is almost restricted to the 
post-embryonic stage (Imai 1928,1935), while conditions differ when auto¬ 
mutation occurs from yellow to green. The occurrence of green-and-white 
mosaic seedlings is believed to have started from egg-cells containing 
mixed plastids, and not from early mutation. The segregates, namely, the 
yellow-and-green seedlings, however, are too numerous to be attributed 
to the same origin, so that the majority of them should be characterized 
by green variegation as the result of early somatic plastid mutation. On 
this basis, plastid automutation from yellow to green occurs at all stages 
of somatogenesis, including embryonic ontogeny. 

SUMMARY 

Since white-variegated barley is caused by a recessive gene that stimu¬ 
lates the recurrence of plastid mutation from colored to white, exomuta- 
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tion of plastids results in white variegation. Through sporadic plastid 
mutation, green changed to yellow. The yellow plastids being automu- 
table, frequently change to green, so that green variegation occurs in the 
yellow foliage. Since both green and yellow plastids are controlled by the 
stimulating gene, they transform into white plastids. Therefore, white 
variegation occurs in green and yellow tissues. The inheritance of yellow 
and white plastids is non-Mendelian, being transmitted maternally. 
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INTRODUCTION 

C OAT patterns in which color is restricted to spots on a white ground 
arc extremely common in guinea pigs, and have naturally attracted 
the attention of geneticists from the first. That the genetic situation is 
somewhat complicated is indicated by the fact that there are at present 
at least three decidedly different interpretations. 

Variations in this type of pattern, ranging from mere traces of white in 
a few locations (toes, nose, between ears) to black eyed white, through 
intermediate grades showing much diversity in localization and often ex¬ 
treme asymmetry, were described by Castle (1905), who, however, at¬ 
tempted no genetic interpretation. Goodale and Morgan (1913) pub¬ 
lished data from which they concluded that “the spotted coat is a very 
complex affair depending presumably on a number of factors. ” They sug¬ 
gested the hypothesis that there may be one recessive factor {ss) necessary 
for any spotting with extension due to other factors (5i5i, s^s^, S3S3 etc.). 
Ibsen (1916) provisionally treated spotting as due to a recessive factor s, 
but noted “evidence is accumulating which seems to indicate that the rela¬ 
tionship is not as simple as has hitherto been supposed.” 

In a list of guinea pig color factors (Wright 1916) the symbol Sw was 
used for the “assemblage of unanalyzed factors which determine white 
spotting.” In a review in the next year, however, (Wright 1917), a pair of 
alleles S, s was listed as differentiating at least certain inbred stocks. The 
extreme variability of the pattern in both amount and localization of 
white even after 16 generations of brother-sister mating was cited as 
evidence for an extraordinary amount of non-genetic variability and as 
the reason for difficulty in genetic analysis. An effect of sex on spotting 
was noted. Females of each of 23 inbred strains were found to have slightly 
more white on the average than males. An effect of ; as a modifier of the 
character of the tortoiseshell pattern of black and yellow was noted. 

Early crosses between inbred strains 

The data were not published in detail at the time. We shall present that 
bearing on the alleles S, s in condensed form. Twenty three strains were 
started in 1906 from single pairs by Mr. G. M. Rommel of the U. S. 
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'Fable i 

Disirihiitwns of 4 inbred strains of guinea pigs, jqi6~22 in percentages. Grade O means solid 
color: X means a trace of white. The grades are at 5% intervals {1—2 5 to 7.5%). W {black eyed 
white) is distinguished from 20 {a trace of color). The median percentages of white are given separately 
for males and females in the last two columns. 


STRAIN 


X -2 


GRADE or SPOTTING 




NO. 

MEDIAN 

0 

3-5 

6-8 

O-II 

12-14 

M-17 

18-20 

W 

% 

WHITE 


9 

34 

100.0 

0 

0 

0 

0 

0 

0 

0 

0 

333 

0 

0 

39 

0 

35-2 

329 

14 3 

7-7 

6.7 

2.3 

0.9 

0 

659 

139 

24.4 

35 

0 

0.8 

4 0 

10 . I 

19 7 

29 4 

27.1 

8.6 

0.3 

1460 

62.5 

68.9 

13 

0 

0 

0 

0 5 

0.7 

2.8 

16.2 

71.0 

8 8 

1278 

95 0 

96.4 


Bureau of Animal Industry. These were maintained by exclusive brother- 
sister mating. The senior author took charge of the experiments in 1915 
at which time 17 of the strains were still on hand. One of them (No. 34) 
had no white spotting (although much ^‘silvering'’). All of the others con¬ 
sisted wholly of tricolors but there were great differences among them in 
average amount of white. A drawing of the pattern of every animal was 
made at birth in a rubber stamp outline and the amount of white was 
estimated from an outline on tracing cloth divided into 20 squares. In 
table I is a condensed table of distributions in 4 strains. The distributions 
for 13, 35, 39, and two other strains have been published in full, separating 
males and females (Wright 1926). Grade X means a trace of white and 
W, for black-eyed white, is distinguished from grade 20 with a trace of 
color. Strain 39 had least white of any of the spotted strains while 13 was 
at the opposite extreme. 

During the years 1916 to 1919 many crosses were made between these and 
other strains (Wright 1922), There were 1334 young from first crosses, 

Table 2 

The distributions of reciprocal crosses between strains jp and ij, and of F2. Note the similarity 
of F% to F\ and the marked disagreement with expectation based on 25% strain 50% F\ and 25% 
strain ij as indicated in the bottom line. In designating crosses in this and later tables, the female 
Parent is given first. 


QRADK or SPOTTING 

CROSS-NO. 



0 

x-2 

3 -S 

6-8 

9“II 

12-14 

1S-17 

18-20 

W 


39X13 

0 

3-3 

0 

13-3 

6.7 

30.0 

20.0 

26.7 

0 

30 

13X39 

0 

0.8 

6.4 

8.0 

14.4 

25.6 

27.2 

17.6 

0 

12$ 

Total Fi 

0 

1.3 

5.2 

g.o 

12.9 

26.5 

25.8 

19-3 

0 

I 5 S 

F, 

Expected in Fj 

0 

2.4 

12.2 

13-4 

8.5 

23.2 

24.4 

IS.9 

0 

82 

if I factor 

0 

P-5 

10.8 

8,2 

8.6 

15.6 

17-5 

27.6 

2.2 
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981 from crosses of Fi to a third strain, 692 Fj’s from two strains and 617 
Fa’s combining 4 grandparental strains. Many more were born in selec¬ 
tion experiments from these crosses. In all of these cases, spotted by 
spotted produced only spotted. We shall cite data from the cross between 
spotted strains at opposite extremes, (13 X39) in the same condensed form 
as above (table 2). 

Reciprocal Fi’s are intermediate and Fa is also intermediate and only 
slightly more variable than Fj. It is impossible to find in Fa 25 per cent 
segregants with the distribution of strain 39 or 25 per cent like strain 13. 
The minimum number of segregating factors may be estimated at 4 or 5. 
No upper limit to the possible number can be set. It may be added that 
while males and females showed the usual slight sex difference there w’erc 
no indications of sex linkage. 

Let us now turn to the crosses between the single self-colored strain 
(No. 34) and spotted strains, all with much white. The latter will be 
treated collectively (table 3). 


Table 3 

The distributions of reciprocal crosses between strain 34 and miscellaneous spotted strains, of Fi, 
and of backcrosses of self or near self segreganh lo the spotted strains 

aRAO® or BPOTTINO 

CROSS ---— NO.- 



0 

X-2 

3-5 

6-8 

9 -ti 

12-14 

I '>-17 

18-20 

W 


0*5 

6 ~W 

34 X spot 

12.2 

75-5 

12.2 

0 

0 

0 

0 

0 

0 

49 

ICX> 

0 

spot X 34 

II. I 

77.8 

II I 

0 

0 

0 

0 

0 

0 

18 

100 

0 

Total Fi 

11.9 

76.1 

11.9 

0 

0 

0 

0 

0 

0 

67 

100 

0 

F2 

9-4 

53-1 

9 4 

12.S 

0 

6.2 

9 4 

0 

0 

32 

71.9 

28.1 

I St Backcross 

6.3 

36.6 

7 'i 

7*5 

13-0 

5-5 

9.1 

13-4 

1.6 

254 

50.0 

50.0 

2-4 Backcross 

8.6 

31-9 

6.9 

6.9 

7.7 

II .2 

9-5 

16.4 

0.9 

116 

47.4 

52.6 

Total Back- 

cross 

7.0 

351 

7.0 

7-3 

II.4 

7-3 

9.2 

14.3 

1-4 

370 

49.1 

50.9 


Complete dominance of self color is shown in only 12 per cent of the Fi 
individuals but the average amount of white in Fi is low, being always less 
than 27 per cent. In F?, 28 per cent of the young exceed Fi, several being 
of high grade. There is a strong suggestion here of segregation of an in¬ 
completely recessive factor for high grade spotting. This is confirmed by 
the backcross of Fi to inbred spotted. Exactly 50 per cent are above the 
limits of Fi. A second backcross of near self from the above matings to 
inbred spotted practically repeated the result from the first backcross. 
The same was true of small 3rd and 4th backcross generations. The young 
from these were derived only J to 1/32 from the self strain but show no 
tendency to dilution of the heredity transmitted from the latter. 
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Non-genetic variability 

The existence of the alleles S, s was first confidently asserted in a later 
paper (Wright iq2o) on the basis of a new experiment which had then 
reached the 7th backcross generation of self to inbred spotted. This experi¬ 
ment, ultimately carried to the iith backcross generation, will be dis¬ 
cussed later. 'Fhe 1920 paper dealt primarily with an analysis of the vari¬ 
ability within closely inbred strains. It was shown that in a typical strain 
(No. 35) descended at that time from a single mating in the 7th generation 
of brother-sister mating, there was variation from a trace of white to self- 
white but that this enormous variability (standard deviation about 22 per 
cent of the area of the coat) was almost wholly non-genetic. There was a 
correlation of only -I-.014 between parent and offspring (using a trans¬ 
formed scale designed to counteract the damping of variation in the neigh¬ 
borhoods of o and loo per cent white). It was further shown that most of 
this non-genetic variability was of such a sort that environmental factors 
common to littermates played very little role. The correlation between 
littermates was only -f.obQ. 

While the intrastrain differences were thus proved to be non-genetic, 
the differences between strains are of course genetic. Both should be pres¬ 
ent in a random bred stock and this proved to be the case. 'J'he stock from 
which the inbred strains were derived had been maintained without even 
second cousin mating. In this stock the correlation between parent and 
offspring at this time was -I-.211 interpreted as indicating that 42 per cent 
( = 2X.2ii) of the variance is genetic (leaving 58 per cent as non-genetic) 
on the assumption of no dominance or epistasis. Confirming this was the 
observation that the actual variance in the inbred stock was 57 percent of 
that in the random bred stock on the transformed scale. 

More extensive data on this question have been reported briefly in a 
later paper (Wright 1926) together with data which indicate that the 
most important of the non-genetic factors common to littermates is the 
age of the mother. We shall discuss these and other data on the roles of 
heredity and environment in a later section. 

There is a remarkable contrast between the situation in the guinea pig 
and that in the rat. In Castle’s (1916) selection experiments with hooded 
rats, the standard deviation among the offspring of the later generations 
averaged only about 3 per cent of the range from solid color to solid white. 
Yet progress by selection was possible up to the end, demonstrating the 
presence of considerable genetic variability. The correlation between mid 
parent and offspring (loth to i6th generations) averaged about +.25 and 
+ .26 in the minus and plus series respectively. Thus a standard devia^ 
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tion of 3 per cent in an unfixed strain of rats is to be compared with one of 
about 20 per cent in a stock of guinea pigs in which all animals have been 
shown to have almost identical genetic constitutions. The same contrast 
is also doubtless indicated by the difference in regularity and symmetry. 
The patterns of hooded rats form a practically linear series of grades with 
a high degree of symmetry. In guinea pigs nearly every individual has its 
own characteristic pattern and there is usually asymmetry. Why the same 
character should behave so differently in different rodents is not known. 
The fact of an enormous amount of non-genetic variability in the guinea 
pig must be taken into account in any discussion of the genetics of white 
spotting in this animal. The phenotypes of single individuals are prac¬ 
tically worthless here as indicators of genotypes. 

Eleven generations of back crossing 

The 11-generation backcross experiment, referred to above, was re¬ 
ported at the 1923 meeting of the American Society of Zoologists, but only 

Table 4 

Distribution of grades of spotting in Fi, F2 ond hackerosses to spotted strains, following a cross 
of a self-colored male to spotted females. The hackcrosses are classi fied according to the amount of 
ancestry of strains (median about 65% white) and strain ij (median at q 8 % white). 

ORADK 8 OF BPOTTINQ 

- 



0 

X~2 

3 -S 

6-8 

0-11 

12-14 

iS -»7 

18-20 

W 


spot X self 

26,7 

70.0 

0 

3*3 






30 

Fa 

10.0 

45-0 

10.6 

10.0 

10.0 

5-0 

10.0 



20 

hackcrosses to spot 











3/4 blood or more 35 

7.7 

44.3 

7.7 

17.3 

7*7 

1.9 

9.6 

3.8 


52 

Intermediate 

1.8 

33-9 

8.8 

5.8 

10.8 

II .0 

14.3 

12.8 

0.8 

398 

3/4 blood or more 13 

0 

21.2 

II -3 

12-5 

6.2 

1-3 

II .2 

33-8 

2.5 

80 


a brief abstract was published. The first cross was between a self-colored 
male (unrelated to strain 34 or to the other inbred strains referred to 
above) and tricolor females from various inbred strains. Most of the young 
showed a little white spotting, the most extreme being a female with 30 
per cent. None showed any yellow spotting. A small Fj generation showed 
25 per cent with spotting beyond the limits of Fi. Fi was backcrossed with 
tricolors of various strains and produced about 50 per cent with no more 
white than Fi and about 50 per cent with larger amounts. Each of these 
classes was about equally divided between animals with and without 
yellow spotting. 

Selfs or near seifs of this generation were backcrossed again to inbred 
tricolors producing young wWch were 7/8 blood tricolor by ancestry but 
the distribution of types was substantially as in the first backcross genera- 
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tion. This process was repeated through ii backcross generations, pro¬ 
ducing at length animals which were 99.98 per cent of tricolor ancestry 
but the results remained the same. 

The tricolor strains used varied from ones which averaged about 65 
percent white (No. 35) to ones with over 95 per cent (No. 13). In table 4 
all backcross generations are combined, but a distinction is made between 
those which were f blood or more of strain 35, those which were f blood or 
more of strain 13 and those which came of intermediate tricolor an¬ 
cestry. 

Obviously the line between 55 and ss must be drawn at different points, 
depending on the tricolor strain used. In table 5, the line was drawn above 


Table 5 

Persistence of genes S and E through ii generations of backcross ing of self {ornear self) segregants 
(SsEe^) to inbred tricolor stocks (sse^e**). Criterion for separating Ss and ss as described in teTct. 


NO. OP 

BACK- 

cnosBES 

AMOUNT 

OP SELF 

ANCESTRY 

LITTLE OR NO WHITE 

STRONGLY 

SPOTTED 

TOTAL 


NO YELLOW 

SsEeJ' 

TORTOISE 

Stew'd* 

NO YELLOW 

TRICOLOR 

Ss 

«• 

I 

1/4 

25 

26 

29 

18 

51 

47 

2 

1/8 

19 

22 

14 

16 

41 

30 

3 

1/16 

12 

6 

5 

6 

18 

II 

4 

1/32 

12 

10 

4 

6 

22 

10 

5 

1/64 

6 

8 

20 

14 

4 

34 

6 

1/128 

6 

7 

6 

7 

13 

13 

7 

1/256 

7 

7 

9 

7 

14 

16 

8 

1/512 

13 

10 

17 

18 

23 

35 

9 

1/1O24 

15 

14 

18 

9 

29 

27 

10 

1/2048 

19 

14 

21 

13 

33 

34 

II 

1/4096 

5 

4 

4 

2 

9 

6 

Total 


I 3 Q 

128 

147 

116 

267 

263 


grades 3 and 4 for males and females respectively of the group with f 
blood of strain 35, above 7 and 8 for the males and females respectively of 
the intermediate group, and above ii and 12 for the males and females 
of those with f blood of strain 13. These were the points which most 
nearly divided these groups on a i: i basis. It is of course recognized that 
this is somewhat arbitrary and that there was probably real overlapping 
in each case. 

While no great stress can be put on the approximate equality of the 
groups with low and high grade spotting, the persistence of a bimodal dis¬ 
tribution through 11 generations of backcrossing of selected low grades 
to pure tricolors can only be interpreted as evidence of transmission of an 
undatable unit ( 5 ). The persistence of a group with no yellow spotting 
through the ii backcrosses of course indicates transmission of a second 
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unit (E) and the ratios indicate random assortment relative to S,s. The 
deficiency of tricolors is undoubtedly due to the failure of yellow spotting 
to appear in some of constitution sse^’e’’ which were nearly or wholly white. 
The fact that the white spotting factor s behaves as a modifier of the tor¬ 
toiseshell pattern was obvious in these data. In Sse^’e” with little white, 
the yellow was usually restricted to scattered hairs or an irregular brindle. 
In sse^e” there was a more or less complete segregation of black and yellow 
into distinct spots on the white ground. These effects have also been noted 
by Iljin (1928). The yellow spotting factor on the other hand had no 
apparent modifying effect on the white pattern. 

Other interpretations of spotting 

Pictet has also reported on extensive experiments with white spotting 
in guinea pigs. From his descriptions and illustrations, it seems clear that 
the patterns in his stocks are similar to those with which we have worked. 
His conclusions, however, are very different. He finds four major pairs of 
alleles, two affecting head only and two the trunk only, no one of which 
can be identified directly with our single major pair S, s. 

In a paper (1925) dealing with white on the head he distinguishes self 
color, frontal white (self except for a median streak) and lateral white 
(white on cheeks as well as nose). Pure seifs by albinos gave 78 self to 82 
frontal (approximately 1:1). Crosses between these Fj types gave 54 self: 
54 frontal: 36 lateral (exact 3:3:2) apart from albinos. He assumes two 
pairs of alleles with interactions as below. 

FP, Ff ff 

UU, Up Frontal Self 

pp Lateral Lateral 

It is assumed that the seifs were of type UUff and that all of the albinos 
happened to be ppFf (the albino factor being correctly interpreted as in¬ 
dependent of spotting). Results from later generations are interpreted as 
in harmony with this hypothesis. 

Later papers (1930, 1931) analyze spotting of the trunk. While it is 
stated that in most cases the extent of white is similar on head and trunk, 
it is held that these regions are subject to independent systems of genes 
because the correlation is not complete. In particular it is noted that an¬ 
imals with “generalized” white on the trunk may have a self colored head 
while one with a self colored trunk may have any amount of white on the 
head. Thus while the symbols U and p are used for genes affecting the 
trunk in these papers, they are apparently not considered to be related to 
the head factors assigned these same symbols in the earlier paper. 

From the 1931 account, 5 original matings of self by spotted gave 42 
spotted in Fi, and 52 spotted to 19 seif in F*, suggesting a dominant gene 
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for spotting. On the other hand, 5 other matings of self by spotted gave 49 
self in F], and 50 self to 19 spotted in F2, suggestive of recessive spotting. 
The spotting in these two cases differed in character. The white in the 
recessive spotting was limited to the feet and small spots on the nape of 
the neck and in the sternal and perianal regions (apart from the head). 
This is called localized spotting. In the dominant type, the white was more 
or less extended over the body, ranging from narrow streaks across the 
back or along the belly to the completely white type (with black eyes). 
This is called generalized spotting. 

1 'he descendants of the above crosses were interbred. The total ratios 
agree with expectation from formulae assigned to parents according to the 
following scheme of combination effects. 

Pp, Pp pp 

UU, Uti Generalized Self 
uu Localized Localized 

(x“ = i*2, n = j2 probability more than .999 of worse fit from random 
sampling.) 

Ibsen (1932) makes the following statement in regard to white spotting. 
‘^White spotting (.9) is quite variable in its expression in the guinea pig. 
There are probably a number of modifiers concerned and in addition there 
seems to be some variation that is entirely somatic. The dominant modi¬ 
fier Fa (face) causes the white spotting to be restricted entirely to the face, 
while its allelomorph, fa, permits white to appear in other parts of the 
body as well. Evidence has been accumulating which seems to indicate 
that there is a modifier of Fa, thus being a modifier of a modifier. This 
factor, Na, (narrow) causes the white face to be narrow while its allelo¬ 
morph, na, permits it to widen. Na seems to be completely dominant to 
na. There are other types of white spotting in guinea pigs, such as white 
belt and white rump and it is even possible by selection to produce animals 
that are entirely white. None of these, however, can be readily fixed by 
selection thus lending support to the supposition that there is more than 
one pair of modifiers concerned in the production of each type. It would 
probably require much research to make a complete analysis of the modi¬ 
fiers affecting white spotting.” 

This scheme may be represented as follows. "Fhe data supporting it 
have not been published. 

S - Self 

s$ Fa — Na — Narrow facial streak only 

5.9 Fa—na na Extensive facial white 

ssfafa— White on body as well as face 

This scheme resembles that presented by Wright in assigning one 
main factor to spotting but differs in treating this as completely recessive. 
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The greatest difference is with respect to non-genetic variability. Ibsen 
finds so little that definite formulae can be assigned certain phenotypes, 
while we have found so much in all inbred spotted stocks that such an 
assignment would be quite impossible. 

New crosses between inbred strains 

Thus since 1932 there have been three widely different interpretations 
of the genetics of white spotting of the guinea pig. It seemed desirable to 
make a new series of tests. The following experiments involve only three 
closely inbred strains. 

Strain D has been closely inbred since 1906 first by Prof. W. H Castle 
since 1916 by Wright. It has never thrown white spotting of any sort. 

Strain 2, as used here, is entirely descended from a single mating in the 
15th generation of brother-sister mating (U. S. D. A strain, p. 759). It has 


Table 6 

Distributions of spotting in strains 2 ^ /j, in reciprocal crosses between them and in Ft. 




ORADK or SPOTTINO 





MEDIAN % WHITE 

0 

X-a 3“S 6-8 9-11 

12-14 

ls-17 

18-20 

W 



9 

Strain a 


0.2 2.0 

5.8 

20.8 

68.2 

30 

1650 

93-2 

94.6 

Strain 13 


0 . I 

1.2 

12.5 

62.4 

23.8 

1688 

97.0 

98.6 

2X13 




28.6 

71.4 


28 

94.0 

93-8 

13X 2 



3-3 

133 

73-3 

10.0 

60 

95-9 

96.4 

Total Fi 



2-3 

18.2 

72.7 

6.8 

88 

95-2 

95-4 

Fa 


1.9 


28.8 

69.2 


52 

94-4 

96.9 


consisted wholly of high grade spotted (median percentage of white 93.2 in 
males, 94.6 in females). There has been, however, considerable variability 
in grade as shown in table 6. The correlation of -h.064±.025 between 
parent and offspring (here made without any transformation of scale, but 
arbitrarily treating black eyed white as a grade higher than grade 20 
with a trace of color) shows that this variability is largely non-genetic 
(see table 16). 

Strain 13 as used here traces to a single mating in the i8th generation 
of brother-sister mating. Two substrains are distinguished, 13 and 13E, 
the former but not the latter from continued brother-sister mating. There 
is, however, no recognizable difference between them in amount of white, 
which is the greatest of any inbred strain we have had. The median grades 
are 97.0 in males, and 98.6 in females. As with strain 2, the absence of ap¬ 
preciable correlations between parent and offspring (table 16) indicates 
that practically all variability is non-genetic. 

Crosses have been made between strains 2 and 13 which indicate that 



Table 7 

Crosses involving only strain 2 (ss uM median about Q4 percent white, table 6) with strain D (SS, 
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they arc closely similar genetically. The distributions of Fi and F2 are 
shown in table 6. The medians (95.2 and 94.4 percent forFi and F2 males 
respectively and 95.4 and 96.9 per cent for Fi and F2 females respectively) 
give no indication of any complementary effect and the doubtful increase 
of variability in F2 gives indication of only minor differences. 

Strain 2 (ss) had been mated with strain D (SS) for another purpose 
and repeated backcrosses had been made to D (Wright 1935a). Fi (table 
7) consisted of 59 animals (all Ss) of which 54 were completely self while 
5 had a trace of white (one or both hind feet). This result from a cross to 
a strain as white as 2 indicates that D must have a rather exceptional 
stock of modifiers which repress white. Among 207 backcross animals 
(about half Ssj half SS) 198 showed no white while 9 had traces consisting 
in most cases of a few white hairs between the ears. Among 305 of the 
second generation of backcrossing to D (about 25 per cent Ss, 75 per cent 
SS) only 3 showed a few white hairs. 182 animals which were 15/16 or 
31/32 blood of strain D were entirely self although it is probable that some 
were still heterozygous. Evidently S is almost invariably fully dominant 
over s where there is a preponderance of modifiers from strain D. 

Some of the 7/8 blood animals (all self colored) were tested by mating 
with strain 13. Eight of these produced only self or low grade spotted 
among 83 young and were considered to be SS. The distribution of grades 
is shown in table 8. Two males and two females gave some high grade 
spotted, presumably ss, demonstrating the tested self parent to be Ss. 

These tested heterozygotes were now mated inter sc in order to extract 
a spotted line deriving its spotting from strain 2 but 7/8 of its modifiers 
from strain D (table 7). Their young consisted of 22 fully self and 9 low 
grade spotted. Matings of tested heterozygotes with these spotted segre- 
gants produced 17 fully self and 20 low grade spotted. Matings among 
these spotted animals and their descendants have produced 145 all spotted 
and, with few exceptions, of low grade. These results indicate complete 
recessiveness of spotting in animals which are 7/8 blood of strain D. Most 
of them were of what Pictet calls the localized type (where spotted at all 
on the trunk). The results are thus close to those which he has reported 
for his recessive spotting factor except that white on the head (few white 
hairs to extensive white on nose and cheeks) nearly always accompanied the 
localized spotting of the trunk, indicating that only a single main factor 
was involved. 

These animals have necessarily derived their white spotting from strain 
2 (with generalized white). The great difference in average grade of white 
must therefore be due to independent modifiers. Matings back to strain 
2 have produced 64 young with median grade about half way between the 
parents. 
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Crosses between strain ij atid animals which were 7 8 blood strain D, i 8 blood strain 2. 
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We will now turn to the descendants of the test crosses to strain 13 
(table 9). Animals with only a trace of white were selected and back- 
crossed to 13 («). The process was repeated for several generations. No 
fully self-colored animals have appeared in these backcrosses. A markedly 
bimodal distribution of grades of spotting has, however, persisted through¬ 
out. In those 7/8 blood or more of strain 13, the median of the lower group 
(Ss) was, however, higher than that of the extracted spotted {ss) with 
7/8 blood of strain D, while the median of the higher group is nearly the 
same as that of pure 13. As in the previously reported experiments of this 
type, there can be little doubt of the segregation of a single major unit 
factor. As a critical test, however, matings were made within each of the 
groups of supposed segregants (table 10). The matings between high grade 
spotted (grades 16 to 20) gave an array almost like that of pure 13. These 
were clearly ssXss. Supposed heterozygous segregants (grades X to 9) 
of these same generations were also mated inter se. The progeny were 
utterly different. Of the 136 young. 17 were fully self and 24 more had 
only a trace of white. About 66 per cent had more color in the coat than 
the most colored of the young from the high grade parents. This result 
leaves no doubt of the conclusion that there is here segregation of a single 
spotting factor showing incomplete dominance over self. The results from 
the crosses between 2 and 13 show that it is the same spotting factor that 
was completely recessive where there was 7/8 blood of strain D. 

As noted 17 of the 136 young from SsXSs were recorded as self. This 
is only 12.5 per cent or half the proportion of SS expected, indicating that 
a small amount of white may be brought out by the “modifiers” of strain 
13 even in the absence of the main spotting factor. Unfortunately strain 
13 is silvered as well as spotted. The above 17 animals showed more or less 
silvering but no white in the regions (nose, forehead and feet) where pie¬ 
bald white is most likely to appear. Those recorded as having a trace or 
more of piebald white all showed white in one or more of these regions. 

Tests of grading 

It seemed desirable to test the reliability of the grades. As noted, these 
were based on drawings made in rubber stamp outline. Most of the draw¬ 
ings were made by the senior author at the time of recording births. The 
estimates of grades were made by the junior author, using an outline on 
tracing cloth, divided into squares. In 306 cases (all from backcrosses of 
to ss of strain 13 and including all grades from a trace of white (x) 
to black eyed white (w) estimates were made later by the senior author 
without knowledge of Mr. Chase’s grades. This comparison tests the ac¬ 
curacy of grading but not, of course, of the drawings. The statistical 
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analysis of the two series of grades (not using Shepard’s correction) gave 
the following results. 

standard 


(,'hase 

Wright 


Mean Deviation 

H.4T 

11.36 7 93/ 


Correlation 
9978±.0003 


There is no indication of any differential systematic errors and random 
errors are of negligible importance. Only about 0.2 per cent of the vari¬ 
ance is determined by random errors. 

In another test, Mr. Chase made wholly independent records of the 
patterns of 119 miscellaneous animals, distributed rather uniformly from 
grade x to 20, but including no black eyed whites. The two sets of drawings 
were also graded independently. 


Standard 

Mean Deviation 

Chase 9. qq 6.53 \ 

Wright 10. II 6.52/ 


('orrelation 
989 ± .002 


There can be no important differential systematic errors either in draw¬ 
ing or grading. Random errors are naturally considerably increased but 
yet account for only one per cent of the variance. As the standard deviation 
in this population was nearly twice that of an isogenic stock with mean 
near grade lo, it may be estimated that about 3 or 4 per cent of the non- 
genetic variance may be attributed to the combined errors of drawing and 
grading. 

Aberrant results 

Results which at first seemed rather aberrant have been obtained from 
crosses between two stocks which are not related to any of the inbred 
strains of the preceding experiments. Strain A was built up to be dominant 
in a large number of genes. It consists typically of self agoutis (SEACPFB) 
with smooth fur except on hind toes (RM). Strain B was made up to be 
recessive in most of these respects. It consists of smooth-furred pink-eyed, 
dilute brown-yellow-white tricolors {se''ac’‘pFbrm). The results of a large 
backcross generation have been described in a previous pai>er (1928). 
We are indebted to Dr. Strandskov for use of recent data from these 
stocks and their crosses. 

The earlier records of strain A naturally revealed heterozygosis in many 
respects including S,s. Since 1926, however, only low grade spotting has 
appeared. The complete records, 1926-1934 inclusive, are given in con¬ 
densed form in table 11. The records for strain B are given for the years 
1924-25 as reported previously and separately for the period 1926-34. 
The previous paper reported Fi (BxA) only from 3 males of strain A, 
demonstrated to be homozygous 55 . These records, it turns out, give a 
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far from adequate picture of the situation. The total records for Fi 
(BXA) and (AXB) 1926-1934, are reported here. The backcross data 
(Fi XB) are merely repeated (in condensed form) from the previous paper. 

The first question raised by these data is whether ss can ever be com¬ 
pletely self-colored. No such case was present in the data described earlier 
in this paper although the median grade of white was very low in certain 
strains (39,7/8!)) and occasional animals had only a few white hairs. The 
records of 851 animals from strain B from 1926 to 1934 agree in this re¬ 
spect, but in the earlier records of B, 4 animals out of 454 (about i per 

Table i i 

White spotting in strains A , H and crosses All A ’5 are believed to be SS in spite of some low grade 
spotting (up to grade 2), all B^s ss in spite of / seifs (grade o) Note segregation of self in h\from 
strongly spotted F\s 


GRADE OF SPOTTING 


SOURCE REMARKS - - - - ---- NO. 




0 

X 2 

d 5 

6-8 

Q-lt 

12-u 

1^-17 

18-20 

w 


A 

20 Matings (oXo) 

100 0 









96 


17 Matings (oXo) 

86.2 

13. « 








217 


7 Matings (XXo) 

73 2 

26 8 








41 


1 otal 

88.4 

II .6 








354 

H 

1924-25 

0 9 

5 7 

0 0 

7 7 

13 2 

20 7 

18 

24 4 

— 

454 


1926-34 

0 

5 9 

9 4 

10.9 

15 9 

20 0 

17.0 

20.7 

0.2 

851 

F. 

.\XB tow 

3^-9 

63 I 








160 


.-\XBhiRh 


«7 5 

12 5 







16 


BX.\ low 

2 Q .8 

70 2 








242 


BX.'t high 

16 7 

69 8 

5-2 

3 1 

2 9 

1.2 

1.0 

0.2 


420 


Total 

24.0 

69.0 

2.9 

1.6 

1.4 

0.6 

0.5 

O.I 


838 

iXB 


9.8 

37. s 

12 4 

8 9 

6.6 

9.4 

8.7 

6.4 

0.0 

437 

Fs 

From selected Fi’s 












(grades 9-12) 

17.2 

41,4 

6.Q 

3-4 

10 3 

6.9 

3-4 

10.3 

0.0 

29 


cent) were recorded as completely self colored although from homozygous 
spotted parents. Unfortunately this question was not definitely in mind 
at the time of record and there may have been less care in looking for 
traces of white than in later experiments. We think it probable that plus 
modifiers may occasionally bring about complete absence of white spotting 
in but hesitate to affirm this positively until a case has been examined 
with this point in mind and has been tested genetically. 

Other questions are raised by the traces of white in strain A itself and 
the very high grade white spotting (up to 95 per cent white) found in some 
of Fi (BxA). In strain A only self-colored males have been used since 
1926, but in 7 cases females were used which had traces of white. Six of 
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these females produced at least one offspring each, with traces of white. 
The other had only 2 young. The total ratio was 30 self to 11 with traces 
of white. The remaining matings of strain A (all self by self) may be 
divided into two groups; 20 matings with 96 young all self-colored, and 17 
matings with at least i white-marked offspring each and a total ratio of 
187 self to 30 with white. Two of the latter had white belts across the 
shoulders (grade 2). 

If white spotting were due to a simple recessive in this stock, we should 
expect more than 50 per cent from matings classified as SsXss by the oc¬ 
currence of at least one spotted young one, but only 27 per cent were ob¬ 
served. We should expect more than 25 percent from matings similarly 
classified as SsXSs, but only 14 per cent were observed. This hypothesis 
is ruled out unless ss is frequently self-colored, which is contrary to all 
previous experience. The traces of white in strain A are clearly not due to 
ss. 

The next possibility is that these white-marked animals are If this 
is true, many seifs in the strain must also be Ss, so many that a consider¬ 
able number of reasonably high grade spotted (ss) should have appeared. 
But this has not been the case since 1926. More evidence on this hypoth¬ 
esis is provided by the crosses with strain B. Table ii distinguishes mat¬ 
ings which produced at least one offspring above grade 2 (12.5 per cent 
white) from those which did not and in which the parent from strain A 
was certainly SS. In the former there may be a suspicion that it was 
However, the young above grade 2 from these matings constitute only 
13.5 per cent of the total, a proportion so low as to practically rule out 
this h5q)othesis. It may be noted that the low ratio applies not only to 
the total but to every individual mating. The most extreme spotted 
(over 50 per cent white) came from 9 males of strain A. These produced the 
following ratios (making the cleavage at i2.5percent):2o:io, 28:7, 22:4, 
31:3, 16:1, 25:3, 25:5, 6:1 and 2:1. None of these is in harmony with the 
mating formula SsXss. Thus it is strongly indicated that all of strain A, 
self and white-maited alike, were SS and that these strongly marked Fi’s 
from (BXA) reaching 95 per cent white in one case, as well as the seifs 
(24 per cent of the total) were all Ss.^ 

This is confirmed by a number of tests. Matings between rather strongly 
marked Fi’s (grades 9 to 12) produced the F2 population in the bottom 
line of table ii. The appearance of as many as 5 self and 12 with only a 


* These crosses were in part from an experiment in which Dr. Stkanoskov was testing the 
effect of X-radiation of males and many of the highest grade Fi’s were from treated males. 
Fourteen males produced 12 above grade 2 out of 163 young before raying and 29 above grade a 
out of 191 after raying, a difference with a probability of being exceeded by raiuiom sampling of 
only .02. There b some suggestion here of a modifying effect. 



SPOTTING IN THE GUINEA PIG 


775 

trace of white out of 29 young make it certain that the Fi parents were Ss 
(not ss). In other cases F/s of various grades were mated with strain 13 
(the whitest of the inbred strains) (table 12). There is no appreciable dif¬ 
ference in the results from low grade and high grade F/s and both agree 
with expectation from SsXss and not at all with that from ssXss. 

Table 12 

Tests of F\ (T 'KB) of widely different grades by mating to the most extreme strain No. ij. 

Both groups of F\s Indeed like Ss. 

OltADE OF BPOTTINO 

---- _____ — -- 

o X 2 1-5 6-8 on 12-14 1S17 18-20 W 


Fi (2-6)Xsirain 13 o 32 o 10.o 6.0 4.0 8.0 16.0 24.0 — 50 

Fi (i3-i7)Xstrain 13 o 20 4 12.2 41 10.2 10 2 14.3 28.6 — 49 


These results from (BxA) may be compared with those in table 13 
from the mating (BXD). It will be recalled that strain D was wholly self 
{SS) and gave results in crosses with the high grade spotted of strain 2 
which indicated an expectional array of modifiers which reduce white. 

Table 13 

Crosses of strains B and D. 


GRADE OP SPOTTING 

o X 1-2 3-s f)-8 9-11 12-14 15-17 t8-20 W 

Fi(BXl)) ssXSS 77 9 22.1 68 

Fs(BXO) SsXSs 57 3 24 2 4 4 5 2 3.9 2.3 10 1.3 0.3 384 


The results from (BxD) are quite as expected. The white-suppressing 
modifiers of strain D have reduced 5 s to a distribution similar to that of 
55 of strain A, and the ss segregants in Fj must have a distribution much 
like that of 5 s of Fi (BXA). 

Analysis of variability 

Having established that there is just one major pair of alleles affecting 
white spotting in a number of diverse stocks, it is desirable to return to 
the evaluation of the roles of heredity and environment in determining 
the variation within a spotted stock. In doing this it is desirable to allow 
for the obvious damping of variability at both extremes of the range from 
self color to self white. An approximate method of doing this has been 
discussed in previous papers (Wright 1920, 1926). The assumption that 
the pigmentation tendencies of the various areas of the coat are distributed 
normally leads to the transformation X'=prf“‘(X —.50) where X is the 
proportion of color in the coat and prf-‘ is the inverse probability function. 
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For the purpose of calculating the correlations, the grades were grouped 
in pairs and a transformed grade was found for the mid point of each 
(table 14). Table 15 shows the correlations between parents, between 
parent-offspring by sex and between littermates also by sex in a random 
bred stock and in a portion of strain 35 derived from a single mating in 
the 12th generation of brother-sister mating, using the above transforma¬ 
tion of scale. The records for these two stocks were made during the same 
period of years (1916 to 1924) and are thus strictly comparable. The same 
set of correlations but without the transformation of scale has been found 
for a more recent branch (1926-1934) of strain 35, tracing to a single mat- 

Table 14 

Transformed grades^ based on the inverse prohahiliiy function of the midgrades and used in calculating 
standard deviations and correlation coefficients. 


TRANSronMRD 


GKAOE 

MIDORABK 

PERrKNTAOR 

(X) 

OKADE X' 

/ (X-SO) 

( X>-prf->- 

\ 100 

X- 2 

6 25 

- J ■534 

3- 4 

17.5 

*- .935 

S- 6 

27.5 

- -598 

7 - 8 

37-5 

~ .319 

9-10 

47-5 

■“ .063 

11-12 

57-5 

-h .189 

13-14 

67-5 

+ -454 

15-16 

77.5 

+ .755 

17-18 

87.5 

-I-1.150 

19-20 

, 96.25 

-t-1.780 


ing in the 22ncl generation (35 D) (table 15) and for strain 2 and the two 
branches of strain 13 described earlier in this paper (table 16). In the 
case of 35 D, the correlations among brothers and sisters which were not 
littermates were also found. The correlations between brothers and be¬ 
tween sisters were calculated from symmetrical tables, each pair being 
entered twice. 

In no case was there a significant amount of assortative mating. There 
are clearly significant correlations between parent and offspring in the 
random bred stock (average +.191) but none that are significant among 
the inbred strains (grand average -f.oi6). The littermate correlations 
(-I-.282) are larger than the parent-offspring correlations (-t-.i9i) in the 
random bred stock; and though small are clearly significant among the 
inbred strains (grand average -I-.079). These results can only be due to 
environmental factors common to littermates. This interpretation is con¬ 
firmed by the absence of positive correlation (—.048) between siblings 
which were not littermates in the inbred strain 35 D. 
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For analysis of the variability we can use only the data based on the 
transformed scale. If h^ represents the portion of the variance due to 
heredity, e^ that due to environment common to littermates and (P that 
due to environment not common to littermates; the correlation between 
parent and offspring should equal §h^ if the effects of all genes combine ad- 
ditively (no dominance or epistasis) but should be somewhat less if these 
conditions are not met (Wright 1920). Under the same conditions the 

Table 15 

Parent-offspring ana fraternal correlations in a random bred stock, and in the inbred strain No. 35 
al two periods. Transformed grades used in case of random breds a fid the earlier data from strain 35. 
Untransformed grades used in 35 D. 

KANDOM BRED STRAIN STRAIN ,^5 D 

HTorK (1916-24) (1926-34) 



NO 

r 

NO. 

r 

NO. 

r 

Father-Mother 

143 

-f- 060 

140 

4- .064 

72 

-.047 

Parent-offspring cf-cf 

973 

■f 244 

738 

-f 015 

200 

— 068 

cf -9 

029 

4 - 187 

688 

-1- 074 

IQO 

+ •149 

9 ~cf 

1014 

4- 217 

7.?8 

4- 013 

196 

+ •052 

9-9 

065 

4“ I ih 

688 

— .004 

iSS 

-.031 

Average 

3881 

-I-.I9I 

2852 

-f-.024 

771 

+ .026 

Littermates cT-cf* 

537 

4 * 355 

340 

4- 128 

91 

+ .024 

d ^-9 

1050 

4-.288 

722 

4-.089 

180 

-h.109 

9-9 

493 

-f 190 

305 

+ .107 

89 

4“.2i8 

Average 

2080 

4-.282 

1367 

+ .103 

360 

-I-.II5 

Sibs not ef’-d^ 





335 

— .061 

littermates cf - 9 





509 

-.040 

9-9 





202 

— .021 


Average 1046 — .048 


correlation between littermates would be The assumption of 

complete dominance and equal frequencies of alleles reduces the parent¬ 
offspring correlation to i/3h* and that between littermates to s/iah^-fe^. 
In all cases, dominance reduces the genetic component of the fraternal 
correlation just half as much as it does the parent-offspring correlation 
(Pearson 1909; Weinberg 1910; Fisher 1918). Any non-additive effects 
among genes which are not alleles (epistasis) also reduces the correlations 
between relatives (Wright 1935). 

The average standard deviation of males and females in the random 
bred stock was .757, that in strain 35 was .583 (transformed scale). The 
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variance of strain 35 is thus 59 per cent 



of that of the random 


bred stock indicating that about 41 percent of the latter variance was due 
to heredity, and had been lost after long continued inbreeding of strain 
35. The correlation between parent and oflfspring in the random-bred 
stock (-f-.iQi) indicates 38 per cent ( = 2X.i9) of the variance as due to 
additive gene effects. This differs so little from the 41 per cent estimated 
from the actual variances that little complication from non-additive gene 


Table i6 

Parent-o ffspring and fraternal correlations in j inbred strains^ characterized 
by very large amounts of white. Untransformed grades. 


STRAIN 2 STRAIN I3 STRAIN I3 E 

(ig26-34) (1926-34) (1026-34) TOTAL 



NO. 

r 

NO. 

r 

NO. 

r 

NO. 

r 

Father-Mother 

94 

-f-.OlQ 

86 

-+-.220 

105 

-f .027 

285 

-f- .089 

Parent- cf-cf 

402 

+ •035 

486 

-f.007 

368 

•- .078 

1256 

— .012 

offspring cf- 9 

437 

-f .149 

436 

+ .036 

375 

-.132 

1248 

-f .018 

9 -cf 

408 

+ •044 

488 

-f .041 

366 

— .019 

1262 

-f-.022 

9-9 

433 

+ •029 

436 

-.049 

375 

-f 029 

1244 

-f .003 

Average 

1680 

-I-.064 

1846 

-f-.oop 

1484 

-.050 

5010 

-f .008 

Litter- cf-cf 

179 

-f .098 

250 

-f .096 

188 

-f .oil 

617 

+.071 

males cf- 9 

372 

-f .074 

451 

-f .090 

358 

-f.005 

II81 

+ 0 S 9 

9-9 

215 

+ .068 

213 

-f .025 

166 

+ .054 

594 

+ •049 

Average 

766 

+ •078 

gi 4 

+•077 

712 

•f.018 

2392 

-I-.060 


effects (dominance or epistasis) is indicated. It should be said, however, 
that another method of calculating the transformed standard deviations 
of the inbred and random bred strains was made by fitting the distribu¬ 
tions by the function prf“‘ (Sf — .50) = i/s [prf“‘(X —.50)—a] where a and 
s are the mean and standard deviation on the transformed scale and 
Sf the running sum of the fractional frequencies (Wright 1926). This 
yields 54 instead of 59 per cent as the ratio of the variances (s = .782 in 
random bred stock, s = .574 in strain 35). A somewhat greater role of 
non-additive gene effects is Indicated by this method. The difference was 
due mainly to irregularities in the distribution of the random bred 
animals. 

The females exceeded the males in amount of white by .241 on the 
transformed scale in the control stock. This is 31.3 per cent of the standard 
deviation of the total population (.768). In strain 35, the difference was 
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.209 or 35.2 per cent of the standard deviation of the total population 
(.593). The proportion of the total variance due to sex is given by the 
ratio of the square of the half difference to the total variance, or one fourth 
the square of the above fractions. It appears that 2.5 per cent of the vari¬ 
ance in the random bred stock and 3.1 per cent in strain 35 was due to sex. 
The analysis into genetic and nongenetic portions applies of course to the 
98-97 per cent not due to sex. 

The littermate correlation in strain 35 ( + .T03) can be taken as indi¬ 
cating the portion of the variance (within each sex) which is due to en¬ 
vironment common to littermates. This is on the assumption that the 

Table 17 

Sfean percentages of white in males and females of strain at two 
periodsy in relation to age of mother 


STRAIN (igi6-24) strain D (ig 26 - 34 ) 


AOK or 

MOTHER 

(months) 


MALES 

FEMALES 


MALES 

FEMALES 

NO. 

AV. 

NO. 

AV. 

NO. 

AV 

NO. 

AV. 

3 - 5 

182 

5 ^ 3 

153 

60.5 

25 

56 0 

31 

65 0 

r>- 8 

1 05 

59-5 

187 

67.6 

45 

67 8 

41 

70.2 

9'ii 

152 

60.6 

160 

66.5 

40 

71 7 

21 

QO 

12 14 

150 

61 3 

124 

70.6 

33 

69 8 

30 

76 3 

15-20 

174 

^>3 2 

149 

6q.6 

27 

61.9 

34 

74-7 

21' 46 

i 3 « 

66 Q 

144 

73-3 

23 

78.3 

25 

77.6 

Total 

991 

61.1 

917 

67.8 

193 

67.8 

182 

73-1 


parent-offspring correlation (-f.o24) can be ignored. If the latter is ac¬ 
cepted, the estimate is reduced to -t- .079. The figures from the other in- 
bred strains confirm the existence of an effect of the order of these figures 
as does the difference (-f .091) between littermate and parent-offspring 
correlations in the control stock. It is indicated that the greater portion 
of the variance (89.7 per cent in strain 35) is due to environmental factors 
so local in incidence that they do not affect littermates alike. 

The only direct evidence on the nature of the environmental factors 
common to littermates is given by tabulations of grade of spotting in rela¬ 
tion to age of mother. Such tabulations have been made in strains 35, 
35 D, 2 and 13. In the last two cases no significant relations were found, 
but the highly asymmetrical distributions banked up against the limit 
of 100 per cent white make these unfavorable material for detecting slight 
differences. The results in 35 and 35 D are shown in table 17. In strain 35, 
there is a fairly regular increase in percentage of white with increasing age 
of the parents (usually littermates) at a rate of 0.68 per cent per month 
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Table 18 

Joint frequencies of parent and offspring in inbred strain jj. Correlation {broad categories) 


PARBNT 

X- 

3 - 

5 - 

7 - 

9- 

II- 

15- 

IS- 

17- 

rg- 


19-20 

— 

I 

5 

6 

8 

7 

22 

18 

10 

4 

81 

17-18 

1 

7 

28 

22 

51 

68 

82 

73 

53 

14 

399 

15-16 

6 

8 

24 

43 

38 

80 

97 

96 

57 

17 

466 

13-14 

2 

7 

25 

3 S 

74 

90 

103 

121 

72 

14 

543 

11 -12 

6 

8 

22 

44 

59 

102 

105 

99 

77 

21 

543 

9 10 

3 

7 

19 

24 

34 

60 

66 

58 

62 

10 

343 

7- 8 

3 

6 

14 

2Q 

34 

64 

51 

63 

45 

8 

3 T 7 

5“ 6 

—- 

2 

6 

13 

22 

LS 

28 

20 

16 

I 

123 

3- 4 

1 

— 

— 

2 

I 

I 

1 

I 

I 

— 

8 

X- 2 

2 

— 

I 

2 

5 

5 

7 

3 

3 

I 

29 

Total 

24 

46 

144 

220 

326 

492 

562 

552 

306 

go 

2852 


up to 15 months of age. This factor determines about 3.6 per cent of the 
total variance and thus approximately half of that common to littermates. 
In 35 D, the results are more irregular as expected from the smaller num¬ 
bers but the correlation of +.252 ± .069 for females, +.203 ± .069 for males 
give clear evidence of significance (the average +.227±.049 is 4.6 times 
its standard error). From the square of this figure it appears that about 
5 per cent of the variance (untransformed scale) was due to this factor. 
This would be slightly reduced by transformation of the scale. The regres¬ 
sion, 0.76 percent white per month (up to 15 months) agrees reasonably 
well with the earlier data. It should be noted that in case (35 D) the effect 
is definitely one of age of mother, since most matings were intentionally 


Table 19 

Comparison of correlations obtained by the broad category method 
with the averages of those given in tables 15 and 16. 


STRAIN 


PARENT-OrrSPRlNO 


LtTTERMATBB 

BIBS, DIFFERENT LITTERS 

NO. 

CORRELATION 


CORRELATION 

CORRELATION 

TABLES 

IS. 16 

BROAD 

CAT. 


TABLES 

15. 16 

BROAD 

CAT. 

TABLE 

IS 

BROAD 

CAT. 

35 

2852 

-f .024 

-h .026 

1367 

-f »I03 

+ .07S 



3SD 

771 

4-.O26 

-|- .020 

360 

-f .115 

+ .083 

1046 —.048 

*-•045 

2 

1680 

-f .064 

+ 0S9 

766 

+ .078 

-f .lOI 



13 

1846 

■f .009 

■f.008 

914 

+ .077 

+ .090 



X3E 

1484 

— .050 

-,066 

712 

-|- .018 

+ •005 



Av. 5 inbred 









strains 

8633 

-|-.ox6 

-h .012 

4119 

+ .079 

+ .072 



Random 









bred-stock 

3881 

■f.191 

+ .199 

2080 

+ .282 

-I-.26O 
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made between males and females of widely different ages (Wright 1935, 
p. 526). 

It has seemed desirable to check the parent-offspring and littermate 
correlations by a different method of allowing for the distortion of the 
scale. For this purpose the tabulations by sex were combined into single 
tables and correlations calculated by Pearson’s method for broad cate¬ 
gories. Fhe parent-offspring distribution for strain 35 is shown in table 18; 
those for littermates in this stock and those in the random bred stock have 
been deposited with “Genetics.” In the broad category method, the mean 

Table 20 

Deviations of class limits from the median in the random bred stock and in strain in terms of 
their standard deviations assuming normality See fig i 
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of each class on a hypothetical normal scale, is calculated by the formula 

Zj — Z2 

x=-where Oi and q2 are the observed tail frequencies (fractions of i) 

qi —q? 

cut off by the class limits and Zi and Z2 are the theoretical ordinates of the 
unit normal curve at these points. The approximate correlation is given by 
SXiX2f 

the formula r*,*, =•;;;— TITl' results are given in table 19. Comparisons 


n<ri,Vi,*' 


are made with the averages of the correlations for separate sexes from 
tables 15 and 16. The latter might be expected to be slightly larger because 
of the elimination of sex differences but the different scales prevent exact 
comparison. On the whole the differences are unimportant. 

In this method, the scale is adjusted in each case so as to yield a cor¬ 
rected standard deviation of i. Thus each distribution yields a separate 
scale. The transformed location of each class limit of the observed scale 
can be found by taking X/(r=^r/-‘(g—. 50 ). This is done for the random 
bred stock and for strain 35 in table 20 and the results plotted against each 
other in figure i. With the exception of the boundary between classes 18 
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and 19 (92.5 per cent white) the values fall rather closely along a straight 
line. Taking the values at 42.5 and 82.5 as those closest to the standard 
deviations, considering both scales (fig. i) we see that a scale interval of 
1.5330- in the random bred stock corresponds to one of strain 35. 

I • S 33 

The corrected standard deviation of strain 35 is thus 77*5 cent = ““ 

* y / V 

of that of the random bred stock and its variance is 60.1 per cent (= *775^) 



Figure i. Transformation of class limits to give normal distribution of class frequencies in 
random bred stock plotted against similar transformation for inbred strain 35. The range between 
42.5% white and 82.5% white includes 1.9790* in the inbred strain but i.S33<r in the random breds. 
The variance of the inbred stock is thus 60.1% («i.S33Vi-979*) of that of the random bred stock 
on a scale based on these two points. 

of that of the random bred stock. Since the correlation between parent 
and offspring in the random bred stock was +.199 by the broad category 
method, the genetic variance (assuming no dominance or epistasis) should 
be 39.8 per cent and the variance to be expected in an isogenic stock should 
be ^.2 per cent of that in the random bred stock, or almost exactly the 
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value actually found in strain 35 by the above method. The agreement 
with results from the previous method is as close as can be expected. 
There can be little or no dominance or cpistasis among the minor factors 
which affect spotting. 

Putting all of these results together we reach the following approxi¬ 
mate analysis of variance in the random bred stock and an isogenic in- 
bred strain. 

Isogenic Random Bred 
Inbred Strain Stock 
Heredity o 

Sex 3 

Environment 

Age of mother 4 

Other factors common to littermates 4 

Factors not common to littermates 89 

TOO 


40 

2 

52 

100 


DISCUSSION 

The results fall into a consistent picture. Four classes of factors are in¬ 
dicated. 

First is a major pair of alleles, S,s. SS is usually self but under excep¬ 
tional conditions shows traces of white up to a small shoulder belt; 5 ^ 
may be self colored or any grade of spotted up to at least 95 per cent white; 
S5 is usually well marked with white, often self white, but may have only a 
trace of white and perhaps may be completely self-colored under very 
unusual conditions. 

Second is a multiplicity of minor genetic factors with additive effects 
(little or no dominance or epistasis). The median grade of « can be shifted 
from about 10 to 97 per cent white by the appropriate combination. The 
median grade of may similarly be shifted from self color to about 30 
percent white. Finally a little white may appear in 55 with an extreme 
array of white modifiers. 

Third, there is an enormous amount of non-genetic variability respon¬ 
sible for a range extending from a trace of white to 100 per cent white in 
isogenic strains whose median grade is near 50 per cent. This can be sub¬ 
divided into a small portion composed of factors common to littermates, in 
which is included an effect of age of mother in at least one stock, and a 
large portion not common to littermates and hence to be interpreted as 
due to developmental accidents. In a typical random bred stock, all ss, 
about 58 per cent of the variance was due to non-genetic factors, including 
only 6 per cent common to littermates. 
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44-% D 
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6i.D 
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Figure 2. Distributions of SS, Ss, and according to sex and residual heredity. The abscissas 
are the classes used in grading. The ordinates are the fitted percentage frequencies in these classes, 
doubled in the cases of X and 20 to allow for the fact that their ranges are only of half width. 
Classes O and W are arbitrarily assigned full class ranges. Smooth curves are fitted by the formula 
PKf~^ E/ “■ 50] “ i/S7 *50) *50) ] where prf^^ is the inverse probability func¬ 

tion, is the running sum of the fractional frequencies, .57 is the standard deviation (on the 
transformed scale) of an isogenic stock and M is the median of the distribution to be fitted. The 
class limits and medians are modified slightly by replacing x by the function .gSx-f .0025 in order 
to give a class of solid color o%--.2S%) and a class of solid white (98.25%~100%). The medians 
in the upper series are from y/SD table 7, those in the middle series from (7/8DX2), table 7 in 
the case of ss and from (7/8DX 13), table 8, in the case of Ss. The medians in the bottom figure 
are based on backcrosses (and derivatives) with 7/8 or more of strain 13 (55 table 10: 5 ^, ss table 
9). The distributions so fitted all agree reasonably well with the observed distributions. 
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Fourth is a sex difference, females having slightly more white than males 
in all strains, the difference accounting for 2 or 3 per cent of the total 
variance. 

The effects of these four classes of factors are illustrated in figure 2. The 
variability of males and females of 55,55 and 55, due to non-genetic factors 
are shown at the top on a background of modifiers suppressing white, at 
the bottom with modifiers favoring white, and in the middle with a more 
typical, intermediate combination of modifiers. The sex difference appears 
to be greatest in stocks with somewhat less than 50% white in the coat on 
the average. 

We have finally to consider the relation of these results to those of other 
authors. 

Our pair, 5 ,5, is doubtless the same as Ibsen^s 5,5 although Ibsen refers 
to 5 as dominant. Ibsen’s other factors Fa, fa; Na, na^ obviously cannot 
be used in the interpretation of our results. Judgment as to whether the 
enormous amount of non-genetic variability of all of our stocks is largely 
absent from his stocks must await publication of his data. 

Pictet’s 4-factor hypothesis also is obviously inapplicable to our data. 
In our data there is clearly just one major factor with effects on both head 
and trunk; 55 typically has much white on both head and trunk, in 55 
both are reduced while 55 extracted after many generations of back- 
crossing to a stock in which both head and trunk are almost wholly white, 
is usually completely self. The correlation between head and trunk is not 
perfect, but neither is the correlation between any two areas which could 
be named, for example, left and right ears, left and right fore feet, shoulder 
and loin (cf. IijiN 1928). Pictet has presented no data which justify the 
conclusion that his stock differs in these respects. 

Pictet’s most extensive published data refer to the trunk pattern. How 
far is our interpretation applicable? It is not possible to give a certain 
answer. However, it seems possible that the dominant and recessive spot¬ 
ting factors which he found in his two original sets of matings may have 
been the same factor, 5, associated with different arrays of modifiers as 
in our experiments involving 7/8 blood strain 13 and 7/8 blood strain D 
respectively. With respect to his later generations, derived from crosses of 
the two foundation stocks, there are so many possible genotypes for every 
phenotype in both hypotheses and such a wide range of phenotypes for 
each genotype in ours that it seems not unlikely either could be made to 
fit. It would require experiments with isogenic stocks to discriminate be¬ 
tween them. 

Whether there is any non-genetic variability in his stock, that is, a 
wide range of phenotypes for each genotype, is not considered by Pictet. 
But the irregularity in localization of spots and frequent asymmetry 
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which seem to have characterized his stock as well as ours make the 
existence of such variability probable. If a type of spotting is ever dis¬ 
covered in the guinea pig, which is not subject to non-genetic variability 
to an important extent, it will probably show something of the orderliness 
of pattern of hooded rats or Dutch rabbits. 

SUMMARY 

Analysis of the results of crosses among a considerable number of closely 
inbred strains of guinea pigs, supplemented by biometric analysis of vari¬ 
ability and correlations in random bred and inbred stocks indicate 4 
classes of factors as affecting white spotting: 

(1) a major pair of alleles S,s in which 5 (tending toward self) is usu¬ 
ally incompletely dominant (statistically) over s (tending toward white), 

(2) a multiplicity of genes with individually small effects, additive on 
a suitably transformed scale (no dominance or epistasis), 

(3) an enormous amount of non-hereditary variability, not common for 
the most part even to littermates, but including minor effects of common 
factors (for example increasing white in young with increasing age of 
mother), 

(4) a sex difference, females having slightly more white than males on 
the average in all strains. 

The interpretations which have been put on white spotting by other 
recent authors, who have largely ignored the possibility of non-hereditary 
variability, are shown to be inapplicable to the results described here. 
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T he conclusion that two dominant venation mutants (Plexate and 
Plexate*) and two minutes (Minute -1 and Minute-4) are due to losses 
from the gene-string—that is, to deficiency—was drawn several years ago 
on the basis of genetic data and was later confirmed by examination of 
the salivary chromosomes. Several other genetic deficiencies, notably the 
Notches, have been similarly located through salivary analysis, by 
Painter, Mackensen, Muller, Prokofyeva, Demerbx and other 
workers. All of the dominants, especially those which are lethal when 
homozygous, require checking for chromosomal rearrangements, such as 
deficiency, duplication, translocation and inversion. An important goal 
in this work is the establishment of close correspondences between the loci 
on the genetic maps, deduced from linkage studies, and the particular 
chromosome localities, deduced from study of the transverse bands which 
form a divensified series along the salivary chromosomes. 

ORIGIN and characteristics OF NOTOPLEURAL 

In the balanced stock of Stubble/C3,/jo it was observed by Skoog 
(Feb. 20, 1933) that a small percentage of both males and females had 
shorter, wider, blunter wings, with venation irregularly thickened or 
branched in a few places. In some individuals there was a break in the 
posterior crossvein. A Stubble male showing this spontaneous mutant 
character was outcrossed to Curly (Exp. 610). In Fi the mutant wing 
type appeared in about half the progeny of both sexes, hence is an auto¬ 
somal dominant. Upon inbreeding the Fj (“Mutant”/Cy; Sb/3+) flies, 
it was found that all F2 flies showed both Curly and the “Mutant”; 
hence “Mutant” has its locus in Chromosome II, and is completely lethal 
when homozygous. A balanced stock of “Mutant”/Cy, freed of Stubble, 
was obtained in Fj and kept. When the “Mutant” was thus separated 
from Stubble it was found to have itself somewhat shortened bristles, 
especially the humerals, notopleurals and pretarsals (see fig. i, hetero- 
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zygous female). The shortened bristles proved more reliable for classifica¬ 
tion than the venation and other wing characters; hence the “Mutant” 
was renamed Notopleural, with symbol Np. There are several other altera¬ 
tions characteristic of the Notopleural type, of which the most obvious is 
the straggly arrangement of hairs on the thorax. All the Notopleural 
characteristics are somewhat more extreme in females, and at tempera- 



Figure I. Notopleural female helerozygote (E. M. Wallace, Del.) 


tures above 25°C. A majority oi Np females are completely sterile, while 
the fertile ones give progenies reduced to half or even to a small fraction 
of the normal number. The males are fertile and productive. Viability of 
Np is erratic, from practically normal to half-normal. Emergence is de¬ 
layed somewhat by slow development, but the resulting flies are large 
and strong in appearance. (In relative valuation the mutant is classed in 
Rank-4.) 

LINKAGE RELATIONS AND LOCUS OF NOTOPLEURAL 

Female testcrosses of Notopleural with brown (104.5) and speck (107.0) 
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gave free recombinations, showing that the locus of Np is far to the left of 
those of hw and sp (Exp. 6ioA; 3 fertile, 25 sterile cultures; Skoog; 117-19; 
June 7, 1933): 

Np bw sp Npbwsp + Npsp bw n Np-bwR bw-sp R 

105 119 57 66 23 352 35.0 1.4% 

Next, it was found that the Np locus is to the right of Stemopleural 
(22.0) and of black (48.5) (Exp. 610B; 6 fertile cultures; Bridges; 20,370- 
76; July 19, 1933): 

Sp b Np Sp Np b Sp Np b + n Sp-b R b-Np K 

40 33 94 33 92 14 - 1 % 6.5% 

Further b +/+ Np linkage data were obtained (Exp. 610C; 3 fertile 
cultures; Bridges; 20,383-85; Aug. i, 1933): 

b Np b Np + n b-NpR 
106 89 7 12 214 8.9% 

Testcrosses of the type b Np +/+ + (Exp. 610D; 14 fertile; 
Bridges; 20,440 ff; Aug. 29, 1933) gave: 

bNp U bD Np bNpD b NpD n R-i R-z 

468 753 94 76 68 165 19 II 1654 12.1 15.9 

From the three foregoing tests in which black and Notopleural were in¬ 
volved, 1986 flies gave 11.4 as the mean percentage of b-Np recombina¬ 
tions, with the locus of Np between b and L^, at about 60 (48.54-11.5). 

More precise localization, as well as more accurate determination of 
possible crossing over reduction, was made by use of the nearer loci purple 
(54.5) and engrailed (62.0) in female testcrosses with Notopleural (Exp. 
610G; 10 fertile cultures, 3 9 9 each; Skoog; 216 ff; Oct. 5, 1933): 

pr en Np pr Np en pr Np en + n R-i R-z 

392 342 13 31 9 2 I 790 5-7% 1-5% 

From this testcross the pr-en crossing over was 7.2, as compared with the 
standard 7.5; evidently no marked reduction of crossing over was pro¬ 
duced by the Notopleural mutation. The locus of Notopleural was indi¬ 
cated as 1.5 to the left of engrailed (62.0), hence at 60.5, in agreement with 
the position as deduced from the b-Np data. 

At this stage cytological examination of the salivary chromosomes (see 
below) confirmed the hypothesis that Notopleural is due to a deficiency. 
Since the deficiency is nearly 5 per cent of ^e length of the right arin of 
chromosome II, a local reduction in crossing over is expected, hence more 
precise tests of the linkages were carried out by Li to check this relation. 

There are two good characters with lod between purple and engrailed. 
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namely, cinnabar eyc>color (57.8) and bloated wing (59.0). The character 
bloated (found by P. T. Ives, June 26, 1933), although fairly good (RK2), 
has been little utilized. For closer study two new stocks were required, 
namely, cn en and hlo en. To secure cn eUy pr cn was crossed to and the 
Fi+ 9 9 backcrossed to pr en d'& (Exp. 610J; 7 cultures; Li; Jan. 10, 
1936): 

pr en + pr en n pr-en R 

758 851 103 140 1852 13-1% 

Somrof the not-pr en flies (140) were crossed together in mass cultures. 
In the next generation they produced cn en flies, which were bred together 
for the required stock. 

Similarly, the female testcrosses of pr+en/+blo+ 9 Xpr+en d d gave 
pr-en recombination data and in due course a stock of hlo en (Exp. 610K; 
9 cultures; Li; Jan. to, 1936) : 

pr en + pr en n pr~en R 

1365 1511 125 148 3149 8.8% 

The above two control experiments gave diverse values of 8.8 and 13.i 
per cent of recombination for pr-en^ as compared with standard 7.5. Also, 
great fluctuation occurred from culture to culture within both tests. Such 
high variability is rather characteristic of the central regions of chromo¬ 
somes II and III, and makes comparisons of data of far less value than for 
other regions. 

As a check on the normality of the cn en stock, and as a control against 
the anticipated results with Notopleural, a rather extensive testcrossof 
cn ew/Oregon-Roseburg (Ore-R) 9 9 was carried out (Exp. 610L; 26 
cultures; Li; Feb, 13, 1936): 

cn en + cn en n cn-en R 

4445 4646 322 324 9737 6.6% 

A similar control of bio cn/Ore-R 9 Xblo en efer (Exp. 6ioM; 30 cul¬ 
tures; Ll; March i, 1936) gave: 

bio en + hlo en n blo-en R 

2772 4793 142 199 7906 4.3% 

Finally, a linkage experiment involving cn en and Notopleural was 
carried out (Exp. 610N; 34 fertile cultures; Li; Feb. 14, 1936): 

cn en Np cn Np en cn Np en n R-i R-2 

2931 2298 16 23 no 63 5441 0.7% 3.2% 

The similar Wo-hew/-I- Np+ testcrosses (Exp. 610P; 36 fertile cultures; 
Li; March i, 1936) gave: 
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blo en Np bio Np en bio Np en n R-i R-2 
450 6191 00 10 19 1098 0.0% 2.6% 

These two experiments (cw eniNp and blo cniNp) and their controls 
{cn en/OxQ-K and blo m/Ore-R) show that there is very probably a re¬ 
duction of crossing over due to the deficiency. There are two measures of 
the amount of this reduction, namely: 6.6 — 3.9 = 2.7 and 4.3 —2. 6 = 1.7. 
Supplementary to these, we might give the calculations 4.3 —2.9 = 1.4 
(where 2.9 is the mean value for the three experiments giving Np-en data) 
and 10.3 — 7.2=3.1 (where 10.3 is the mean from the two pr-en controls 
and 7.2 is Skoog’s value for pr-en as modified by Np). The weighted mean 
from these four measures is about 2.0. But since all the experiments on 
which this value is based gave approximately 30 per cent more crossing 
over than expected from the standard map, a value of 1.5 would be more 
comparable with standard results as the amount of reduction due to Noto- 
pleural. Since the genetic length of the right limb of Chromosome II is 
about 52 units, and the salivary deficiency includes 4.4 percent of the right 
limb (sec below), we might expect that the deficiency would make about 
2.3 units reduction, if crossing over is equally distributed. But the general 
correlation of the linkage maps with the salivary maps shows that crossing 
over is only about half as free in this particular region as in the right limb 
as a whole. Hence, only about 1.2 would be the reduction expected, in 
agreement with the value 1.5 deduced from the experiments. While cross¬ 
ing over is probably entirely eliminated from within the deficient section, 
it may also be reduced somewhat, in the immediate vicinity. 

The locus of Notopleural cannot be definitely ascertained by linkage if 
there is crossing over reduction in the vicinity. If the 1.5 represents the 
length of the deficient section, the location should be described as extend¬ 
ing between two points. These might be approximated at 1.8 to the left 
of engrailed, or at 60.2, for the right end, and 1.5 further to the left, or 
at 58.7, for the left end. 

CHECK OF NOTOPLEURAL DEFICIENCY FOR POSSIBLE 
INCLUDED LOCI 

In the general neighborhood of Notopleural (58.7-60.2) ±, the standard 
map (D.I.S. 3) showed the following mutants: staroid (58!), bloated 
(S9±)) engrailed (62.0), upward (62.5 ±) chaetelle (63 ±), Baroid (65 ±), 
Xasta (68+) and Abnormal-wing (6515). The mutants Baroid, Xasta 
and Abnormal-wing are associated with translocations. Tests showed that 
all of these loci are outside the deficiency. The closest neighbor is bloated 
to the left, and this agrees with the observation that blo enlNp gave no 
blo-Np recombinations. A more probable position of blo is thus at about 
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Figure 2. Salivary chromosomes of Notopleurai heterozygotes, a. Rev'ised normal map of sections 44 and 45 in 2R, 
with the Notopleurai deficiency indicated, b. S>Tiapsis at right limit, c. Non-synapsed strands, both lax. d. Synapsed at 
left limit, e. Synapsed at both limits, f. Well stretched, non-synapsed deficient strand. (C. B. Bridges, Del.) 



794 C. B. BRIDGES, E. N. SKOOG AND JU-CHI LI 

SALIVARY ANALYSIS OF NOTOPLEURAL 

The first confirmation of the hypothesis that Notopleural is a deficiency 
was made (Nov. 22, 1935) by Li, who observed a “buckle” and loop at 
about section 45 in the right limb of Chromosome II (Bridges 1935). For 
a more exact study, numerous permanent preparations of salivary chromo¬ 
somes of Notopleural/Ore-R females were made. Studies of the normal 
morphology of sections 44 and 45 were carried out by Bridges on Oregon 
R and numerous other strains. By averaging the measurements and spac- 
ings of camera lucida drawings of the five most favorable stretched speci¬ 
mens, a revised map of this region was made (fig. 2a). Easy landmarks to 
the left of the deficiency are the three heavy doublets in 44 CD, while 
equally striking markers to the right are the two heavy doublets at the 
beginning of 46. 

Study of the banding (fig. 2c, and especially 2f) showed that the Noto¬ 
pleural chromosome is normal through 44E and from 4sE on. But at 
the rejunction is a doublet not exactly matching any band in the normal 
chromosome, being less heavy and less separated than the heavy doublet 
beginning 44F, and heavier than the close doublet beginning 45E. Study 
of the synapsis relations showed this anomalous band sometimes in synap¬ 
sis with the 4 sEi doublet (fig. 2b) but more frequently in synapsis with 
44F1 doublet (fig. 2d) and occasional!)" with both at once (fig. 2e). Evi¬ 
dently both breaks of the deficiency split through the halves of doublets. 
The normal map shows 50 distinguishable transverse elements between 
the breaks of the Notopleural deficiency. 

The interpretation to which we incline is that normal 44F i doublet is a 
“repeat” (Bridges 1935) of two identical bands and that normal 4sEi 
doublet is similarly a case of identical twin bands. The new band (| 44F1 
doublet+2 4 SEi doublet) shows close union of the two parts, suggesting 
allelism. On this view the two normal doublets would be alleles, one de¬ 
rived from the other, or both modifications of a previous common ancestor. 

It is suggested that “repeats” offer a generalized, and perhaps the most 
frequent, mechanism for further steps in rearrangement—either transloca¬ 
tions, inversions or deficiencies—through a preliminary synapsis of homol¬ 
ogous or allelic bands or sections, which are carried in separate chromo¬ 
somes or localities, and subsequent crossing over to give the new con¬ 
figuration. Striking evidence for this general view will be presented in 
studies of certain other rearrangements. 

SUMMARY 

The dominant mutant “Notopleural” (symbol Np) was found as a 
spontaneous occurrence by Eleanor Nichols Skoog, February 20,1933. 
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It is characterized by numerous slight departures from the wild type, es¬ 
pecially by shortened notopleural, humeral and pretarsal bristles, by 
straggly microchaetae, by blunter wings with somewhat thickened and 
branched venation, by low production of eggs hy Np females and by er¬ 
ratic mortality. The homozygote is completely lethal. 

Linkage tests showed the locus to be in the right limb of Chromosome 
11 , between the locus of bloated (58.5) and engrailed (62.0). Crossing over 
is locally reduced in the presence of Np by about 1.5 units. Since Np is 
a deficiency (see below) its limits on the normal map are about 58.7 to 60.2. 

Salivary analysis shows a deficiency of 50 recognized bands. Both 
breaks are between the halves of doublets and the deficient chromosome 
shows a new doublet composed of the left half of 44E1 heavy doublet and 
the right half of 45E1 doublet which is slightly less heavy. 

It is suggested that these two doublets are homologous, though one or 
both may have been altered by mutation from their common ancestor. 
The occurrence of such homologous “repeats” gives a reason for the ex¬ 
change points or breaks of translocations, inversions and deficiencies com¬ 
ing at particular favored places. 
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INTRODUCTION 

D rosophila PSEUDOOBSCURA is of considerable interest as an 
object for the study of a number of genetic problems, especially 
those connected with the hybrid sterility and the methods of race and 
species formation. As a basis for these studies it is necessary to work out 
the genetic and the cytological maps of the chromosomes of this species. 
The present paper deals with the genetic maps of its autosomes. 

MATERIALS AND METHODS 

Since the two races of Drosophila pseudoobscura are different in gene 
arrangement—they differ in an inversion in each limb of the X chromo¬ 
some and an inversion in the second chromosome (Tan 193 5a,b, Roller 
1936)—and since strains of the same race from different geographic origins 
may also differ in gene arrangement, it becomes imperative for the purpose 
of this work to use always a definite standard strain. Race A strain from 
Georgetown, Texas, was chosen.' 

All mutant stocks of race A D. pseudoobscura kept in this laboratory 
were used. The author is indebted to Miss Beers of the University of 
Southern California for the use of some mutants she discovered. Some 
mutant stocks were sent here from the Genetics laboratory of Edinburgh 
University, Scotland, through the kindness of Drs. Roller and Crew, 
to whom the author wishes to express his appreciation. In the course of 
the investigation a few new mutants were discovered by the author and 
some of them proved valuable because of their favorable locations. Prof. 
Sturtevant kindly let me use some of the new mutants he had found. 

For linkage experiments all cultures were raised in an incubator at 
2S±-S°C. 

DESCRIPTION AND LOCALIZATION OP MUTANT GENES 

Since the present paper is confined to the autosomes of D. pseudoobscura, 
only the autosomal mutants will be briefly described below. In each 
chromosome mutants will be described more or less in the order of their 
dis^veiy. 


Gtemmo^ ax: 70^ Nov* 1036 
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The second chromosome 

Bare {Ba). Bare was discovered by Sturtevant (1934) in race A. It is 
characteized by the shortening of all the macrochaetae. The character can 
be easily distinguished from the wild type, and the viability and produc¬ 
tivity of the heterozygous flies are excellent. Homozygous Bare flies are 
occasionally viable. 

Smoky {Sm). Smoky, another dominant gene in this chromosome, was 
found by Miss Beers (1934) in race B. It has been successfully transferred 
to race A. The mutant gene causes the thickening and branching of wing 
veins, especially the second longitudinal vein. The minimum expression is 

Table 1 

Two point linkage experiments. 


LOCI 

TYPE or cuosa 

N 0 N-CRO 88 OVKIW 

CRO88OVICRB 

TOTAL 



Chromosome II 




bi Ba 

biXBa 

135 145 

21 

7 

308 



Chromosome III 




Sc cv 

SeXcv 

10 

OC 

141 

158 

65s 



C'hromosome IV 




inj 

i»jX + 

199 177 

59 

26 

461 

in j 

+ Xi>ij 

354 341 

54 

73 

822 

in Cy 

hiXCy 

128 104 

117 

119 

468 

j tf 

+ Xjtg‘ 

149 IS7 

103 

112 

521 

j Cy 

CyXj 

886 


23s 

II 2 I 

Cy 

lfCyX + 

261 288 

30 

54 

633 


the formation of a small delta-like structure at the distal end of the second 
longitudinal vein. It is invariably lethal when homozygous. Smoky also 
has the effect of roughening the surface of the eyes. By crossing to Bare 
and backcrossing the Fi Bare Smoky females to wild type males, it was 
found that the crossing over frequency between the two exceeds 40 per cent. 

Glass (gl). The recessive mutant glass was discovered and described by 
Crew and Lamy (1935a). The eye is reduced in size and surrounded by a 
smooth colorless rim. The pigment in the central space appears to be 
greatly reduced in amount and leaves only a pinkish or reddish hue. The 
character can be easily recognized with the naked eye. The viability and 
fertility are about as good as in wild type. In a cross between Sm Ba/gl 
9 Xgl S', the result (table 2) shows crossing over values of 42.0 per cent 
between Bare and Smoky, 18.9 per cent between Bare and glass, and 46.3 
per cent between Smoky and glass. Since the smallest number of flies were 
represented by Bare-glass and Smoky classes, which must be double cross- 
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overs, the sequence of the three genes in the chromosome must be Smoky- 
Bare-glass, Bare being nearer to glass than to Smoky. 

Bithorax (bi). The gene bithorax was first reported by Crew and Lamy 
(1934b) as an autosomal recessive mutant, causing an enlargement of the 
balancers. In extreme cases, the balancers may take the form of wing-like 
organs. The mutant flies are relatively weak and their viability is low. 
Sometimes the character may overlap normal. 

Donald (1936) described the mutant in detail and reported that the 
locus of bithorax is 25 units from glass. My data from the cross bi gl/Sm Ba 
9 to bi gl o’ (table 3) show that bithorax is 28.9 units from glass. Between 

Table 2 

Three point linkage experiments. 


SINGLE CltOBSOVERS DOUBLE C.O 

LOCI TYPE OP CROSS NON-CROSSOVERS --TOTAL 

REGION 1 REGION 2 I, 2 


Chromosome II 


Sm p ps 

Sm p psX‘\‘ 

134 

59 

50 

95 

81 

45 

39 

39 

542 

Sm Ba gl 

glXSm Ba 

90 

164 

137 

52 

36 

27 

20 

20 

546 

bi p Ba 

bi pXBa 

226 

206 

20 

9 

7 

5 

4 

4 

481 

bi p ps 

bi p psX-^ 

223 

138 

10 

9 


89 

7 

4 

(>45 

bi gl ps 

+ XW gl ps 

119 

2T 

44 

21 

24 

10 

6 

5 

250 



Chromosome III 






or BI Sc 

BI SeXor 

160 

X 75 

^9 

13 

34 

39 

I 

1 

442 

or ab pr 

or ab prX"\- 

251 

146 

9 

29 

182 

94 

7 

18 

736 

or Sc pr 

or Sc prX-i- 

74 

45 

17 

19 

23 

17 

5 

6 

206 



Chromosome IV 






inj tf 

inj tfX + 

172 

90 

21 

59 

70 

104 

13 

5 

534 

tf Cy Ro 

RoXtf Cy 

157 

160 

19 

11 

5 

2 

0 

0 

354 


glass and bithorax lies the gene Bare, which gives 21.2 percent of recom¬ 
binations with glass on one side and 9.7 per cent with bithorax on the 
other (table 4). 

Pink (p). The gene for pink eye color was found in a cross of the La 
Grande-2 strain to orange Scute purple by Sturtevant in 1934. It is 
recessive and located near Bare. Pink itself is variable and sometimes over¬ 
laps wild t3q)e. However, in combination with orange, a third chromosome 
gene, it can be easily classified. As a matter of fact, orange alone gives a 
bright red eye color (like vermilion), while in combination with pink it 
gives a true orange color. 

According to Sturtevant, pink is located close to Bare and the two 
gave only a few per cent of crossing over. An experiment involving the 
ctos&j^bi p/Ba 9 with bi p (S' gave 7.7 percent of crossing over between 
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bithorax and pink and 4.2 percent between pink and Bare (table 2). The 
sum of the two, 11.9, is somewhat higher than the value, 9.7 (table 4), that 
was obtained directly between bithorax and Bare. Despite the unex¬ 
pectedly high number of observed double crossovers, it is justifiable to put 
the gene pink between bithorax and Bare. 

Pauciseta> {ps') and its allele pauciseta^ ips^)- The gene pauciseta^ (ps^) 
was discovered by Miss Groscurth in the Chehalis-4 strain (race A), 
several generations after this strain had been derived from a single female 
caught in nature. The mutant is characterized by the absence of some 
bristles, especially the anterior dorso-centrals and the scutellars. In some 
cases, however, all bristles may be present, but one or both anterior dorso- 
centrals become somewhat more slender than normal. Unless the bristles 
are carefully examined, pauciseta* can be easily overlooked. 

Pauciseta* was found by the author as a single female in progeny of a 
cross between ct y m snv se/s"^ 9 with ctymsnv seeP in March 1936. The 
fly had some bristles missing on both the thorax and the scutellum. It 
was mated with wild type males and produced exclusively wild type 
flies in Fi, which in F2 produced 365 wild type and 122 paudseta*. When 
pauciseta* males were mated to bithorax glass paucisela^ females, 
the progeny showed the pauciseta character, indicating that the new 
pauciseta is an allele of the old one. Since the two are indistinguishable, 
the new pauciseta may be designated as ps^. 

To localize the gene pauciseta in the second chromosome, two sets of 
experiments were carried out. They were bi p ps/+ 9 hy bi ps psif and 
bi gl ps/+ 9 by bi gl pS(f. The result as summarized in table 2 enables us 
to localize the gene pauciseta on the right end of the second chromosome. 

The third chromosome 

Orange (or). Orange eye color was found by Lancefield and later de¬ 
scribed by Crew and Lamy (1934a). It is recessive and cannot be distin¬ 
guished from the sex-linked vermilion eye color. The mutant can be easily 
classified even in combination with most other eye colors. The viability 
and productivity of the mutant fly are as good as in normal. 

Purple (pr). The gene purple, another recessive eye color mutant, was 
found by Crew and Lamy (1932). It is a translucent color ranging from 
yellowish brown to chestnut. In males the testicular sheath appears color¬ 
less. When it is combined with orange, the eye becomes grayish white 
in color. 

Scute (Sc). Scute, a dominant gene causing the absence of most bristles 
on the thorax and the head, was also reported by Crew and Lamy (1934a). 
The homozygous forms of Scute can be distinguished from the hetero- 
zygotes by the rough eyes and the absence of some microchaetae. Accord- 
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ing to Crew and Lamy (1934a) Scute is located half way between orange 
and purple, each of which gives about 25 per cent of crossing over with 
Scute. Due to its favorable location and its clear cut expression, Scute 
has proved to be an extremely valuable mutant in this group. 

Crossveinless (cv). The mutant crossveiiiless was reported by Crew and 
Lamy (1934b) as an autosomal recessive, which causes the absence of the 
posterior crossvein. The anterior crossvein may either be absent or in¬ 
complete. The mutant is easily distinguishable, if the wing is not damaged. 
According to Donald (1936) crossveinless is located 17 to 26 units from 


Tauli: 4 

Total data for each pair of loci. 


LOCI 

CHROMOHOMK 11 

CHROMOm^ME Ill 

CHKOMOROMK IV 

%OT 

CROBBINO 

OVER 

TOTAL FLIES 

K'lAMINED 

LOCI 

% or 

CROSSING 

OVER 

TOTAL FLIES 

EXAMINED 

LOCI 

%OF 

CROSSING 

OVER 

TOTAL FLIES 

EXAMINED 

Stti hi 

43 ^ 

1000 

or BI 

7 7 

442 

in j 

17.I 

1817 

Sm p 

41.2 

542 

or ah 

9 7 

1477 

in tg 

47.6 

534 

Sm Ba 

22.8 

1546 

or Ja 

T 5 ^ 

223s 

hi Cy 

50.1 

468 

Stngl 

465 

IS 4 <> 

or Sc 

21 8 

1223 

j tg 

38 6 

1055 

Sm pb 

50.0 

542 

or pr 

36.7 

3180 

J Cy 

41 9 

1121 

hi p 

S 9 

1126 

or cv 

42.5 

922 

tg Cy 

11-5 

987 

hi Ba 

9 7 

1789 

BI Sc 

17.0 

442 

tg Ro 

10.5 

354 

hi gl 

29. 2 

1250 

ah Ja 

12.3 

74 T 

('v Ro 

2 0 

354 

hi ps 

41.6 

00 

ah pr 

36.7 

1477 




p Ba 

4 2 

481 

Ja Sc 

6 8 

575 




P ps 


J 187 

Ja pr 

23.6 

1497 




Bagl 

21.2 

1546 

Ja cv 

3 «.o 

922 




gl ps 

18.0 

250 

Sc pr 

21.6 

781 







Sc cv 

45 -^> 

655 







pr cv 

18.0 

922 





purple. This is in close agreement with my data, which give i8.o per cent 
of crossing over between purple and crossveinless (table 4). 

Jagged (Ja). Jagged wing is a dominant mutation found by the author. 
Usually, only the inner margin of the wing is notched. In extreme cases, 
the whole wing may become strap-like and bear notches on all margins. 
Three such flies, two females and one male, appeared in a cross between 
bi gl/Sm Ba 9 and bi gl<J in December 1935. A single Smoky Bare Jagged 
female was successfully crossed to three wild t)T)e males, producing 52 
Jagged and 63 non-Jagged flies, equally distributed among both sexes. 
This shows that Jagged is an autosomal dominant mutation. 

The test for the viability of the flies homozygous for Jagged wing 
indicates that Jagged is lethal when homozygous. 

The Iqcus for Jagged has been determined, by the combined results of 
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several different type of four-point crossing over experiments (table 3), 
to lie 6.8 units to the left of the gene Scute (table 4). 

Abrupt (ab). Abrupt longitudinal vein is a recessive mutant found by 
the author. It produces a shortening of the fourth longitudinal vein. 
In extreme cases, the vein may abruptly stop just below the posterior 
crossvein. The mutant cannot be distinguished from either short, a sex- 
linked gene causing the shortening of the third and fourth longitudinal 
veins, or short-4 which was described by Crew and Lamy (1935a) to pro¬ 
duce the shortening of the fourth and fifth longitudinal veins. In order 
to avoid confusion, separate names are here proposed to designate these 
mutants. Short (s) remains to designate the sex-linked one. The fourth 
chromosome one, originally known as short-4 (^4), is renamed incomplete 
(in). The name abrupt (ab) applies to the one in the third chromosome, 
which is now under discussion. 

The origin of abrupt can be traced back to the orange purple stock. 
In three cultures of na/or Sc pr 9 hy or pr (S', there appeared several 
males whose wings were indented at their inner margin. The gene con¬ 
cerned was found to be allelomorphic to the beaded originally described by 
Lancefield (1922). It is known as bd!^. From a cross between or bd^ and or 
sibs, three or pr females appeared to have their fourth longitudinal vein 
shortened. By mating them to wild type sibs, a good many orange abrupt 
purple flies of both sexes were obtained. Since all abrupt flies had orange 
purple eye color, the mutant must have originated in the or p stock. 
When or ab p flies were mated to incomplete (in), all Fi individuals were 
wild type, indicating that abrupt and incomplete are not allelomorphs. 
An or ab p stock was soon established. At the beginning some abrupt flies 
appeared to overlap normal. But after several generations of selection and 
inbreeding, the character became more pronounced and at the same time 
bred true. 

The locus for the gene abrupt has been found to lie between orange and 
Jagged. As shown in table 4, it is closer to the former (9.7 units) than to 
the latter (12.3 units). 

Blade (Bl). Blade wing is a dominant discovered by Sturtevant (un¬ 
published). The wing assumes a blade-like shape. It is easily classifiable 
and has normal viability and productivity. Sturtevant crossed or/Bl Sc 9 
to or 9 and found Blade to give 7.7 per cent of crossing over with orange 
and 17.0 per cent with Scute. With his permission the result of this cross 
is also included in table 2. 

The fourth chromosome 

Curly (Cy). Curly, a dominant gene, was discovered by Miss Beers 
(1934) in race B. The wing may be curled dther upward or downward. 
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Flies homozygous for Curly are always inviable. In heterozygous condi¬ 
tion, the mutant fly is fully viable and fertile. Curly can be easily dis¬ 
tinguished from normal. The gene has been successfully transferred from 
race B to race A. 

Jaunty (j)^ The gene jaunty was reported by Crew and Lamy (1935a). 
It is recessive, and the mutant flies show a slight upturning of the tip of the 
wing. Occasionally, it overlaps normal. 

Incomplete {in). The gene incomplete, another fourth chromosome reces¬ 
sive found by Crew and Lamy (1935a), was originally described by them 
as short-4. According to them incomplete and jaunty gave about 10 per 
cent of crossing over. Recently, Donald (1936) reported that the two gave 
15 to 16 per cent of recombinations. My data as shown in table 4, giving 
17.1 per cent of crossing over, is in close agreement with the result of 
Donald. 

Multiple alleles of tangled (tg). The first mutant of tangled, tangled^ 
(tg^), was discovered by Crew and Lamy (1934b), who described it as 
fused. Later (1935a) they changed the name to tangled. It is recessive; 
in the mutant flies the second and third longitudinal veins come together 
at their distal ends, often with extra crossveins. The same also occurs with 
the fourth and fifth longitudinal veins. In extreme cases, the wing may be 
tilted up. 

A single tangled^ male, similar to tangled*, except for having few extra 
veins, was found in Bare orange Curly stock. It was mated to wild type 
females, and in F2 several Ba or Cy tg^ and or tg^ flies were obtained. 

A single tangled’ male fly found in the Curly stock had only one extra 
crossvein connecting the distal ends of the second and the third longi¬ 
tudinal veins. It was mated to wild type females, giving in Fi all wild type 
flies and in F2 8 tg^ and 435 wild type ones. The great excess of wild type 
flies over the mutant type may be accounted for by presence of some modi¬ 
fier in the wild type parent, for after several generations of selection, t^ 
started to breed true. 

A fourth allele of tangled, tg*, was obtained by Dr. Sturtevant in the 
echinus stock. The mutant flies resemble very much either tg* or tg’*. When 
they were crossed to each of the other three tangled alleles, all offspring 
were tangled. 

Among the four alleles of tangled, t^ was most favorable for experi¬ 
mental purposes, because t^, having only one clear extra crossvein instead 
of the many characteristic of tg*, tg*, or tg*, can be distinguished in com¬ 
bination with other fourth chromosome wing mutants. Moreover, tangled® 
wings, unlike other alleles of the same locus, are never tilted at the tip. 
Hence, for genetic analysis of the locus, tf flies have been almost exclu¬ 
sively used. 



C. C. TAN 


904 

According to Donald (1936) tangled and jaunty gave 44 to 49 per cent 
of crossing over and the sequence of the genes was assumed to be incom- 
plete-jaunty-tanglcd. My data, given in table 4, are in agreement with 
Donald’s in regard to the sequence of genes but show less crossing over 
between in and j. This difference is probably due to the fact that the 
tangled used by Donald was tg^, which, being more extreme, may obscure 
the classification of flies in the combination of tangled and jaunty. 

Rough {Ro). Rough is a dominant eye mutation found by Miss Gros- 
CURTH in race A. It causes irregular arrangement of eye facets. Not infre¬ 
quently the mutation overlaps normal. A single experiment involving the 
cross of tf CylRo 9 by tg^(f gave 9.5 per cent of crossing over between 
and Cy and 2.0 per cent between Cy and Ro. The absence of Ro Cy and fg* 
flies indicates that Ro is located to the right of Cy. 

CONSTRUCTION OF THE GENETIC MAPS 

According to Morgan, Sturtevant and Bridges (1925) four auto¬ 
somal groups of genes were reported by Lancefield with 4, 6, i and 2 
recognized loci respectively. These, together with the sex-linked group, 
made the total number of linkage groups 5, which is equal to the haploid 
chromosome number of the species. In spite of the facts that the autosomal 
linkage groups reported by Lancefield were imperfect, and that most of 
his mutants are now lost, some of them have been found to be the same as 
some of the ones described above. For this reason, the numbering of the 
second and the third linkage groups still follow the system of Lancefield. 
The numbering of the fourth linkage group is justified on the basis of the 
cytological evidence which shows that the representative gene of this 
group is located in the rod-shaped chromosome and not in the chromosome 
now designated as the fifth, in which no gene is represented here. 

A summary of linkage data is presented in tables 1-3. The first column 
at the left shows not only the loci concerned but also their sequence. 
Under the column headed “type of cross,” types of two parents involved 
in the cross are shown, the one on the left being female and the one on the 
right male. In the third and the following columns classes are entered 
under the headings indicating the type of crossing over they represent. 
In every case the class which includes the individuals bearing the wild 
type allele of the most left-hand locus concerned is placed first, and is 
followed by the contrary class. The results are, of course, obtained from 
the backcrosses of the Fi hybrids to multiple recessives. 

Table 4 shows the total data for each pair of loci in the second, third 
and four chromosomes respectively. The resulting maps are shown in 
figure I, 

U is, of course, realized that these maps are only preliminary ones, and 




n 

Figuhe I, —Genetic maps of the three autosomes of Drosophila psestdoobscura, II—the second 
chromosome, III—the third chromosome, and IV—the fourth chromosome. 
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that both the total map-lengths and the distance between the genes may 
prove to be larger than here indicated. The data presented in table 4 are 
in general self consistent. Several apparent discrepancies may, however, 
be noticed; for instance, the value shown between Smoky and bithorax 
is slightly higher than between Smoky and pink or Smoky and Bare, 
although the maps show the reverse relation. Similar discrepancies are 
observed in the values between crossveinless and Scute and between cross¬ 
veinless and Jagged. These discrepancies are probably due to differential 
viability of the classes concerned in different experiments. 

In determining the map distances, the genes lying nearest to the spindle 
fibre attachment in each chromosome are taken as the zero points or the 
left ends. The evidence leading to the determination of the locations of the 
genes in relation to the spindle fibres will be published elsewhere in con¬ 
nection with the cytological maps. Suffice it to mention here that the loci 
known to lie nearest to the spindle fibre attachments are Smoky {Stn) in 
the second, orange (or) in the third, and incomplete (in) in the fourth 
chromosome. Hence, these loci are taken as zero points. 

Recently, Crew and Lamy (1935a) attempted to homologize the second 
chromosome of D. pseudoobscura with the left arm of the V-shaped third 
chromosome of D. tnelanogaster, and the fourth chromosome of pseudo¬ 
obscura to the right arm of the V-shaped second chromosome of melano- 
gaster. In view of the facts that relatively few genes are now known in D. 
pseudoobscura and that the two species cannot be crossed to effect a direct 
test, it seems to the author that attempts to establish the homology of 
genetic maps of the two species are rather hazardous. Indeed, Dobzhanksy 
and Tan (1936) show that even the two closely related species, D. pseudo-, 
obscura and D. miranda, have no single chromosome in common. D. 
pseudoobscura and D. tnelanogaster, being much less closely related, have 
the gene arrangement in their chromosomes altered beyond recognition. 

The author wishes to express his gratitude to Professors Th. Dobzhan- 
SKY and A. H. Sturtevant for encouragement, advice and use of their 
stocks. 


SUMMARY 

1. The mutants belonging to the three autosomal linkage groups of 

Drosophila pseudoobscura are briefly described. 1 

2. The genetic maps of the three autosomes of the species are con¬ 
structed as shown in figure i. 
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INTRODUCTION 

T his paper deals with the quantitative variations, at different tem¬ 
peratures, in the bristle numbers of sc /, sc 5, and their compound 
sc I/sc 5. The allele sc 5 was found by Gaissinovitsch (1930). According to 
Dubinin (1929, 1932), sc 5 is a less extreme allele than sc i. (i) Sc 5 
effects fewer bristles and has a lesser effect on those bristles. (2) The 
bristles affected by both sc i and sc 5 are the only ones affected in the com¬ 
pound sc I/sc 5. (3) The mean bristle numbers of the compound are inter¬ 
mediate between sc i and sc $■ 

It will be shown in this paper that these generalizations do not hold at 
all temperatures for all the bristles. These experiments further add to the 
growing amount of quantitative data which ultimately must be used to 
formulate definitely and test a quantitative theory of development such 
as proposed by Goldschmidt (1927) and Plunkett (1926). 

MATERIALS AND METHODS 

Culture conditions 

The usual Drosophila culture methods were employed (banana-agar gel 
with added yeast) with added precautions to insure uniform conditions 
for large numbers of flies raised in half-pint bottles (Child 1935). To insure 
that the sc 5, sc i, and the sc i/sc 5 flies had as similar an environment as 
possible, they were raised in the same culture in most of the experiments. 
Two methods were used to obtain the various genotypes in the same 
bottles. In some experiments males and females of both alleles were mated 
in the same bottle. In other experiments sc i/sc 5 flies were mated to sc i 
and sc 5 males in the same bottle. 

Flies 4-7 days old raised under favorable conditions were used for egg 
laying. About 20-30 females were used per bottle with an egg-laying period 
of from i to 3 hours duration. The temperature was regulated in incubators 
held constant to within 0.1°. 

Selection 

The details of selection of the sc i stock and the tests for the adequacy 
of selection were presented in a previous communication (Child 1935). 

* This investigation was aided by a grant from the Rodccfeller Foundation. 
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The sc 5 flies were made isogenic with the sc i by twenty generations of 
backcrossing sc i/sc ^ hy sc i males. The only difference between these sc 
stocks is, therefore, the possession of one or the other of the sc alleles. 

The original sc 5 stock was actually y sc 5. During the course of these 
experiments one crossover was obtained between y and sc 5, thus eliminat¬ 
ing the yellow. The bristle numbers of y sc 5 and sc 5 were found to be 
the same, however, and in reporting these data no distinction will be 
made as to whether the flies were yellow or wild type for color. 

EXPERIMENTAL DATA 

The flies were raised for their total period of development at tempera¬ 
tures ranging from 14° to 30°. The complete and more extensive data relat- 


Table i* 

Effect of Temperature on mean bristle numbers. 
Males 


rio.!® 

M a BC 

M p BC 

Mti 

v 

»rs 

BC I 

BC 5 

BC I 

BCS 

BC / 

14” 

.11±.019 

.020i .014 

.24± .027 

.060± .024 

.62± .030 

.68± .046 

15° 

.11±,023 

.0191.004 

.26± .032 

.035+ .005 

.721.033 

.941.029 

16° 

.io± .015 

.0271 .012 

.I4± .018 

.049± .016 

.91 + .015 

.99! .005 

18° 

.09± .018 

.004± .002 

• 57 ±. 0 I 4 

.oo5± .002 

.99I .006 


19° 

.131-036 

.012± .012 

.69! .015 

.002+ .001 

I.O 


20® 

. i8± .036 

.005+ .001 

.86± .026 

.0 

I. 


22° 

.19+.033 

.005±.003 

.69± .021 

.0 

I. 


as'’ 

.21±.017 

.025± .014 

.09+ .004 

.0 

I. 


24'’ 

• 3 S± .036 

.020+ .014 

. II±.005 

.0 

I. 


25 ° 

.22± .022 

.OO3I .002 

,00 

.0 

I. 


26° 

.281.025 

.oo8± .008 

.o6± .004 

.0 

I. 


27° 

.27± .024 

.0071.003 

.00 

.0 

I. 


28° 

.281 .025 

.004± .002 

.o6± .004 

.0 

I. 


29° 

.32I .023 

.005± .002 

.05±.004 

.0 

I . 



. I7I .016 

.000 

.22± .007 

.0 

I . 



* a sc, p sc, anterior and posterior scutellars; iv, pv, inner and posterior verticals; oc, ocellar. 


ing to the effect of temperature on the mean bristle numbers of sc i have 
been reported previously (Child 1935). The sc i flies in these experiments 
served, therefore, as controls. Those few experiments were discarded in 
which the bristle numbers of the sc i flies differed from the results previ¬ 
ously obtained. This type of control served as a very careful check on the 
temperature and the culture conditions. 

The results of these experiments are presented in tables i and 2, and 
are illustrated in figures i and 2. At each temperature, between 50 and 300 
flies of each type were counted. The results are given as mean bristle 
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Table 2 

Effect of temperature on mean bristle numbers. 
Females 




M p sc 



M pv 


9 C s/k 5 

sc ifK S 

sc I/sc 1 

scs/scs 

sc i/sc s 

sc l/sc 1 

14“ 

•S 4 ±- 0 S 4 

• 47±033 

.28+ .033 

1 . 

• 93 ± -017 

.020± .019 

IS° 

. 54 ± -048 

.42± .049 

.23± .012 

I . 

.98± .014 

.o6o± .006 

16® 

• 46 ± .035 

.35+ .028 

.IS± -025 

1 . 

.97+ .010 

. 045 ± .015 

18° 

.36! .029 

.20± .028 

.o7± .077 

I . 

■ 9 S±oiS 

.077±.088 

19° 

• 34 ± -034 

. i8± .041 

.04± .025 

I. 

• 9 S± -023 

.036+ .025 

20“ 

.2S± .036 

— 

.02± .001 

I . 

__ 

.o86± .008 

22° 

.09+ .024 

.09± .031 

.01±.004 

I. 

.97± .018 

.04S± .009 

23° 

.07± .015 

.08+ .019 

.0I± .002 

1 . 

.98+ .009 

.028± .014 

24 ** 

.09± .023 

.04± .016 

.00 

1. 

.98+ .009 

.000 


.o6± .018 

.04+ .020 

.01±.009 

I. 

.96± .020 

.012+ .003 

26° 

.04± .015 

.02± .oil 

.00 

1 . 

. 94 ± .018 

. 009 ± . 009 

27° 

.os± .017 

.00 

.00 

I . 

•97± 013 

.000 

28° 

.o6± .016 

.01±.009 

.00 

I . 

.g 6 ± .018 

.001+.001 

29° 

.o5± .012 

.03± .012 

.00 

I . 

•78* 031 

.000 

30° 

.o6± .015 

.03± .oil 

.00 

I . 

.74± .026 

.000 



M oc 



M a se 


T± .1® 








«C 5 /«C 5 

sc I/sc s 

« I/sc I 

sc 5/sc 5 

sc I/sc s 

sc l/sc I 

14° 

I. . 93 ±oi 7 

.00 

.I 4 ± -037 

.i8± .025 

.04+ .026 

15 ^ 

1. . 94±.024 

.00 

•I 3 ± 035 

. l8± .038 

.09+ .008 

16° 

I. .96±.oii 

.00 

. 20±.028 

.12+ .019 

.o8± .021 

18° 

I. . 98 ±.oo 9 

.00 

.25± .027 

.23± .028 

.09+ .009 

1Q° 

I. .99 ±.011 

.00 

• 38 ± .03s 

. 39 ± 052 

.07+035 

20° 

I. 

— 

.00 

. 49 ± .042 


.13+ 003 

22° 

I. .99±.oii 

.00 

.61±.039 

.SO±'OS 4 

. I7± .006 

23 *" 

I . I . 


.01±.007 

.63+ .028 

•55 ±-034 

.22+ .031 

24" 

I. I. 


.04+ .018 

.68± .037 

. 58±-033 

.24+ .040 

25° 

I. I. 


.o8± .008 

.69+ .033 

. 5 i± *050 

.17+ .oil 

26° 

I. I. 


. 40 ± -050 

.64± .036 

.50±-03S 

.12+ .033 

27° 

I. I. 


.41±.021 

.61±.038 

.46+ .039 

.14+ 015 

28° 

I. I. 


.6o± .013 

.62+ .033 

. 50 ± *044 

.06+ .006 

29° 

I. I. 


•7S±'Oi7 

.6i± .029 

.5o± -037 

.05+ .009 

30^ 

I. I. 


.8s± ,oso 

. 52 ! -030 

. 45±-030 

.05+ .009 




M it 


sc 5/sc 5 

se l/sc s 

sc l/sc i 

14® 

.94+ .022 

.93+ .oi8 

.98+ .019 

IS** 

.99+ *01 

I. 

I. 

le 

1. 

I. 

I. 


Mr i.v. «■ 1 at higher temperatures. 
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numbers per half fly. The sc i curves contain additional points from data 
previously obtained (Child 1935). 

DISCUSSION OF RESULTS 

With one exception, the i.v.,‘ the bristle numbers of the sc 5 stock are 
higher than the sc i. With respect to the i.v. bristle, sc 5 is therefore a more 
extreme allele than sc i (fig. 2). Furthermore, as pointed out previously 
(Child 1935) this variation in the M. i.v. is contrary to the subgene hy¬ 
pothesis (Dubinin 1929, 1932, Gaissinovitsch 1930), since the i.v. is in 
a center outside both the sc i and sc 5 centers as postulated by the Russian 
workers. 

It is further evident from these data that the mean bristle number of a 
particular bristle (if at all variable) varies in the same way with tempera¬ 
ture in the sc i, sc 5, and sc i/sc 5 stocks. 

The bristle numbers of the sc i/sc 5 are intermediate between sc i and 
sc 5, although this relationship is somewhat obscured at low temperatures 
for the asc. The mean bristle numbers of sc i/sc 5, moreover, are closer to 
those of sc 5 than sc 1. In other words, sc 5 appears to be “dominant” 
over sc i. However, the degree of this dominance is not the same for all 
bristles, and, furthermore, it is not the same for the same bristle at different 
temperatures. 

The data on the pv and the oc bristles (these should not have varied in 
sc I/sc 5 according to subgene hypothesis) illustrate a problem which has 
been recognized by Drosophila workers on other characters; Plunkett 
(1926) on Dichaete, Mohr (1932) on vestigial, Baron (1935) on eyeless, 
Timofeef-Ressovsky (1934) on venation, and others. This point can be 
best made clear by citing specific examples. Mohr (1932) found that 
(nicked) and the wild type are alike phenotypically, both giving 
normal wings. This, however, does not imply that the concentration of 
some substance or substances producing the character, normal wings, is 
the same in both genotypes. This was shown by comparing nicked and the 
normal allele in combination with the other mutant alleles of vestigial. 
In combination with vg alleles, the character nicked could be discerned. 
Other slight vg alleles showed a similar behavior, their expression depend¬ 
ing also upon environmental conditions, especially temperature. Baron 
(1935) in analyzing isogenic populations of ey (eyeless) drosophilae found 
that there was a variation in the amount of eye producing substance 
among the “no-eyed” eyeless, although all the “no-eyed” flies had less 
than the amount needed to produce eyes. 

At Minnesota with Dr. Hutt (data unpublished) I found a similar 
situation in a character in Gallus known as “down defect,” a bald spot 

^ For meanings of the bristle abbreviations see footnote to table 1 . 
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Figure i. —Eltectof temperature on mean bristle number. Ordinates, mean bristle numbers; 
abscissae, temperature in 
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Figure 2 .—Effect of temperature on mean bristle number. Ordinates, mean bristle number; 
abscissae, temperature in ®C. 
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on the head of the fowl. In populations homozygous for down defect there 
is a variation in the size of the bald spot, a certain percentage of the fowls 
not showing the character at all, although genetically down defect. A 
statistical analysis of such a population indicated that a definite percentage 
of “normal” fowl were to be expected, if one assumed a distribution in 
amount of “down defect producing substance” among the individuals of 
a homozygous down defect population. The “normal” fowl in this an¬ 
alysis had varying quantities of a smaller amount of “down defect produc¬ 
ing substance” than the threshold amount needed to show the character. 

In all these instances where the expression of a character depends upon 
a threshold amount of character producing substance, any amount less 
than the threshold will have no effect. An analogous situation may be seen 



Figuke 3. —Hypothetical distributions in concentrations of bristle producing substance for a 
particular bristle. The numbers 1-6 refer to various populations. T is the threshold concentration. 


in muscle contraction where any subminimal stimulus evokes no response. 
If the character is variable such as wing or eye size, varying amounts of 
substance above the threshold may produce varying degrees of character 
expression. With respect to bristle production, however, the situation is 
more complex. A particular bristle is either present or absent, like the 
all-or-nothing principle in the contraction of a single muscle fiber. Any 
amount of substance above the threshold amount will produce only one 
bristle. 

The effect of the threshold with respect to a bristle is illustrated in 
figure 3. Populations such as 2-4 will have mean bristle numbers between 
o and I (curve 2 near o, curve 4 near i). Populations which do not cross 
the threshold value will have mean bristle numbers of o if on the left or 
of I if on the right of threshold, although these populations differ from one 
another, |br example 5 and 6. 

In sc ^ (fig. 2) the oc bristle is never affected (is like the wild type) at 
all ten^ratures (like curves 5, 6 in fig. 3). In jc i the oc bristle is absent 
in all mes raised under 22° (like curve i in fig. 3). The M. oc increases 
rather sharply with increasing temperature (like curves 2-4). In sc i/sc 5 
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the M. oc equals i above 20°, and is less than i below 20°. These results 
indicate that although the M. oc in sc 5 is 1 at all temperatures, the 
concentration of bristle producing substance is not the same at all tem¬ 
peratures and similarly for sc i below 22°. The p.v. bristle (fig. 2) behaves 
in a somewhat similar manner. The temperature effect on sc i/sc 5 indi¬ 
cating that either sc i/sc i and sc 5/sc 5 or both have a decreasing amount 
of bristle producing substance with increasing temperature above 25°. 
In / sc 1, since the amount is already below the threshold (curve i and 
2, figure 3), no further effect on the bristle number can be seen. In sc 5/sc 5 
the inference is that the amount of bristle producing substance although 
decreasing above 25° does not cross the threshold. 

According to this interpretation, in order to use mean bristle number 
as an exact quantitative character in a study of the chemical kinetics in¬ 
volved in bristle production, a statistical or experimental analysis of one 
bristle and no bristle must be made. Plunkett (1926) found that because 
of the arbitrary assumptions needed in a statistical analysis, a satisfactory 
result could not be obtained. It is hoped that experimental studies with 
combinations of other scute alleles will shed more light on the problem. 

A study of the temperature effective periods of these stocks is being 
made. Preliminary results indicate that both the temperature-effective 
periods and the time of development differ in these three stocks. 

SUMMARY 

1. The mean bristle numbers in isogenic stocks of sc /, sc 5, and sc i/sc 5 
were determined at temperatures ranging from 14° to 30°. 

2. 5 c z is a more extreme allele than sc 5 for all bristles affected except 
the i.v. bristle. 

3. The effect of temperature on the mean bristle number is in the same 
direction in the three stocks. 

4. The mean bristle number of sc z/sc 5 is intermediate between sc z 
and sc 5 at all temperatures. 

5. The problem of thresholds as applied to the presence and absence of 
a particular bristle is discussed. 
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INTRODUCTION 


T he relative growth of parts of many organisms has been shown to 
conform to the simple power function 

y 

where y and x represent the parts measured, and b and k are constants. 
When y and x are plotted on a logarithmic scale a straight line is obtained. 
The many applications of this equation to growth data have been fully 
reviewed by Huxley (1932). More recently, Hersh (1934) and Robb 
(1935a, T93Sb) have extended the application of the relative growth func¬ 
tion from the purely ontogenetic sphere to the phylogenetic, through 
investigations on the evolutionary relative growth of parts in the Titano- 
theres and the horse, respectively. 

The first attempt to apply the relative growth function to data on the 
relative sizes of parts in Drosophila was made by Hersh (1928). The well 
known lobing of the compound eye in Bar-eyed flies makes possible a 
quantitative determination of the relative sizes of the two lobes expressed 
in terms of facet number. In a series of investigations on Bar raised at 
different temperatures (Hersh 1928) and on different Bar stocks raised 
at the same temperature (Hersh 1931), Hersh concludes that the relative 
growth function adequately expresses the observed relations between 
facet number in the dorsal and ventral lobes of the eye. 

In my own investigations on facet number in Bar (Margolis 1935), 
separate records of facet number in the tw^o lobes of the eye were kept in 
so far as possible. These data, together with others gathered subsequently 
onan unrelated Bar stock obtained from Dr. A. L. Baron, serve as the 
material for the present analysis of the facet relations in dorsal and ventral 
lobes of the eye. My own results differ from those of Hersh in several re¬ 
spects, particularly with reference to the applicability of the relative 
growth function. At the same time, the data suggest a possible basis for 
the observed differences and are accordingly presented. 


EXPERIMENTAL 

Stocks 

The data on facet number are taken from two unrelated but genetically 
homogeneous Bar stocks. The stock designated as A is the one used in 

Genetics ax: 8x7 Nov. 1936 
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my earlier experiments on the effect of the gene vestigial on facet number 
in Bar. The details concerning inbreeding, genetic homogeneity, culture 
methods, facet,number for the whole eye, etc., have been presented else¬ 
where (Margolis 1935). The stock designated as B is the one obtained 
from Dr. A. L. Baron. This stock had previously been rendered isogenic 
with a v^ild Oregon stock used by Dr. F owsner in his experiments on the 
duration of various developmental periods at different temperatures 
(PowsNER 193 s). The general method of rendering the two stocks isogenic 
through the use of chromosomes with dominant markers and crossover 
suppressors has already been outlined (Baron 1935). Before using stock 
B in my own experiments, the stock was inbred with a vestigial stock by 
pair brother-sister matings for fifteen generations. This vestigial stock had 
previously been backcrossed to Powsner’s wild stock for 34 generations. 
This latter procedure was carried out in order to continue my earlier ex¬ 
periments on Bar and vestigial. The method insures a high degree of ge¬ 
netic uniformity in both the Bar and vestigial stocks and, at the same 
time, a close relationship to the wild stock of Powsner. Since this latter 
stock has shown such excellent viability, fertility, and genetic homogene¬ 
ity, a number of workers in our laboratory are using it as a standard wild- 
type with which the developmental effects of various mutant characters 
may be coinpared. The actual degree of genetic uniformity obtained in 
stock B by the above procedure, as measured by the parent-offspring cor¬ 
relation, will be discussed later. 


Methods 

The experimental methods employed in securing the data for stock A 
have been described elsewhere (Margolis 1935). A series of seven experi¬ 
ments were conducted using several temperatures in each experiment, and 
extending over a period of a year and a half. 

The data on facet counts in stock B were taken from a series of experi¬ 
ments dealing with a preliminary localization of the temperature-effective 
period for facet determination in this stock, and from other experiments 
dealing with the effect of reduced atmospheric pressures on facet number. 
None of the data on stock B have been published previously and are pre¬ 
sented here strictly from the point of view of determining the relation be¬ 
tween dorsal and ventral lobes of the eye in respect to facet number. The 
experiments on the effect of reduced atmospheric pressures proved negative 
and pifill be considered elsewhere,as one aspect of the effects of various 
env^nmental agencies on facet number in Bar. The facts relating to cul¬ 
ture methods, temperature control, and general uniformity of envirpn- 
m|p|tal factors are the same for stock B as for stock A. 

V 
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Facet counts 

In making the facet counts on both stocks, separate records of facet 
number in the two lobes were kept where possible. In the case of Bar there 
is always some indication of lobing of the eye; but in the larger eyes, 
especially at low temperatures, there is a tendency for the two lobes to 
merge, making accurate discrimination between lobes difficult. I found it 
extremely difficult to distinguish accurately between lobes at temperatures 
below 22°C, so that the data below this temperature are far too meager 
for analysis and are not given. At all temperatures, personal error in dis¬ 
tinguishing between lobes was minimized by recording the lobes separately 
only in cases where clear definition was possible. A comparison of the total 
eye size of flies in which dorsal and ventral lobes were clearly distinguish¬ 
able with the total eye size of the population as a whole, at each tempera¬ 
ture, indicates that the former is truly a random sample of the latter. 
This fact is easily verified by comparing table i of this paper with table 3 
in the paper previously cited (Margolis 1935). 

Data on facet number in dorsal and ventral lobes 

Throughout this paper the mean facet number in the dorsal lobe at any 
temperature will be designated as D, and correspondingly the ventral lobe 
facet number as V. In table i are given the values of D and V, respec¬ 
tively, for different temperatures, together with their standard deviations. 
The column headed D/V gives the ratio of D to V and the column headed 
r, the correlation between lobes. 

A number of interesting facts are apparent in the data. In those cases 
where experiments at a given temperature are repeated one or more times 
the values of D and V, in general, are similar within the limits of sampling 
error. The ratio, D/V, differs for the two sexes scattering narrowly around 
a value of 1.15 for the males and 1.0 for the females. For either sex the 
ratio is relatively constant over the temperature range. The values of the 
correlation coefficients (r) present the most interesting feature of the table. 
There is, in general, a fairly systematic decrease in the value of r with in¬ 
crease in temperature. At the same time, however, where experiments at a 
given temperature are duplicated there are in some cases significant differ¬ 
ences in the values of r for any one temperature. This is especially notice¬ 
able in the case of the four experiments at 28°. This temperature was used 
as a control temperature throughout the series of experiments, and al¬ 
though the mean facet numbers display an insignificant scattering in the 
different experiments there are significant differences in r. This indicates 
an inadequate control of some factor or factors which influence variation 
in facet number in the two lobes, but which do not perceptibly shift the 
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Table i 

Statistics on facet number in dorsal and ventral lobes of stock A . 


KXP. 

BEX 

T 

D 

CD 

V 

cv 

d/v 

r 

n 

IV 

d ' 

22® 

57 - 9 ±i ‘7 

7.90 

50.0+1.5 

6.85 

1.16 

0.600 + 0.136 

22 


9 

22® 

5 i- 2 ±i .3 

6.60 

51-6+1.3 

6.60 

0.99 

0.279 + 0.181 

26 

V 

d 

22° 

58.6 + 2.3 

9.20 

52.0+2.0 

8.10 

1-13 

0.902 + 0.047 

16 


9 

22° 

52.9±i .3 

5 05 

53-6+1.2 

4.90 

0.97 

0.881+0.056 

16 

VII 

d 

22° 

58 . 2 ± 2 .I 

8.85 

48.0+2.1 

8.8s 

1.21 

0.690 + 0.124 

18 


9 

22° 

5 o. 3 ±i .5 

7.20 

52.6+1.6 

7.89 

0.96 

0.701 +0.104 

24 

VII 

d 

24 ° 

45 - 4 ±i -3 

7.26 

37 - 9 + 1-1 

6.39 

1.20 

0.515 + 0.129 

32 


9 

24“ 

40.1 +0.8 

5-76 

40.4 + 0.9 

6-45 

0-99 

0.612 + 0.089 

50 

I 

d 

25 ° 

40.7 ± I, I 

4.88 

34.4+1-0 

4.62 

1.18 

0.677 + 0.120 

20 


9 

25° 

38.6+1.0 

5-34 

35-7 + 0.8 

4.29 

1.08 

o-SSS±o-i 3 i 

28 

VII 

d 

25.8° 

36.9 + 0.8 

5-40 

31.6 + 0.8 

5.25 

1.17 

o.ss6±o.ios 

43 


9 

25.8° 

35-5 + II 

5-31 

34-7 + 1-2 

5-49 

1.02 

0.680 ±0.114 

22 

II 

d 

27° 

3 i. 3 ±o -8 

4-40 

27.2 + 0.6 

3-52 

1-15 

0.448 + 0.145 

30 


9 

27° 

28.7+0.7 

3-90 

29.9 + 0.8 

4.82 

0.96 

0.628 + 0.106 

33 

III 

d 

27° 

3 I' 3 ±o .4 

4 00 

27.9 + 0.4 

4. 20 

1.12 

0.427+0.077 

112 


9 

27° 

28,6 + 0.4 

3-92 

29.1 + 0.5 

4.26 

0.98 

0.398 + 0 090 

88 

II 

d 

28° 

27.3 + 0.6 

4.18 

24.3 + 0.5 

3-54 

1.12 

0.634 + 0.081 

53 


9 

28° 

22.4 + 0.7 

4.10 

23.3 + 0.6 

3-74 

0.96 

0.147+0.157 

39 

III 

d 

28° 

26 3 + 0.7 

4-24 , 

22.8 + 0.5 

2.96 

1-15 

0.488 + 0.121 

40 


9 

28° 

26.4 + 0.7 

4.08 

22.3+0 6 

3-40 

1.18 

0.404 + 0.146 

33 

IV 

d 

28° 

25.7 + 0.6 

3.60 

23.6 + 0.6 

3.18 

1.09 

0.382+0.149 

33 


9 

28° 

25,4 + 0.8 

4.48 

25.0 + 0.7 

3.68 

1.02 

0.224 + 0.173 

30 

VI 

d 

28° 

27.1+0.7 

4.14 

25.3 + 0.4 

2.52 

1.07 

0.161+0.170 

33 


9 

28° 

23.7+0.8 

3.78 

25.8 + 0.2 

3.66 

0.92 

0.164 + 0.203 

23 

I 

9 

29° 

22.6 + 0.8 

5-24 

19.8 + 0.6 

2.44 

1.14 

0.063 + 0.249 

16 

III 

d 

29° 

22.0+0.5 

3-40 

20.2 + 0.4 

2.46 

1.09 

— 0.092+0.143 

48 


9 

29° 

20.9 + 0.5 

3-06 

19.0 + 0.4 

2,38 

1.10 

— 0.076 + 0.166 

36 

II 

d 

30“ 

22.0 + 0.7 

2,58 

20,1+0.5 

1.85 

1.09 

0.522+0.195 

14 


9 

30° 

19.8 + 0.6 

2.24 

18.7+0.4 

1.68 

1.06 

0.017 + 0.250 

16 

III 

d 

30.4° 

17-3 + 0.5 

2.35 

14.8 + 0.6 

2.87 

1.17 

0.225 + 0.194 

24 


9 

30.4° 

17-0 + 0.3 

1-93 

iS-9 + 0.4 

2.34 

1.07 

0.356 + 0.152 

33 

I 

9 

31° 

17-6 + 0.3 

1.03 

15-8 + 0.4 

1-73 

I.II 

— 0.231+0.231 

17 
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mean value for the population. As will be seen later, this feature in the 
data appears also in stock B. There is, as one should expect, a close ap¬ 
proximation in the values of r for the two sexes. The few exceptions to this 
fact will be considered in connection with the data in table 2. 

The biometric constants for facet number on stock B are contained in 


T \BI.E 2 

Statistics on facet number tn dorsal and ventral lobes of stock B. 


EXP. 

8£X 

T 

D 

(TD 

V 

ffV 

D/V 

r 

n 

lib 

& 

22° 

69.1 + 1.1 

6.49 

42.2±0.8 

4.71 

1.64 

o. 53 S±o.i 2 i 

35 


9 

22° 

48 3±o-9 

5.85 

42 9±0.8 

4.91 

I 13 

0 252 + 0 146 

41 

lie 

cf 

22° 

79 7 + I-.S 

6 . 4 .“; 

40 6±0.9 

4.50 

I .61 

-0.237+0.193 

24 


9 

22° 

49.0 + 0.9 

4 08 

44 * 1'^-1 *3 

5.81 

i. I r 

0.332+0.199 

20 

lid 

d ' 

22° 

77.6+1.6 

6 30 

50 2 + 1.6 

6 05 

I 55 

0.188 + 0 250 

15 


9 

22° 

47.8±o.8 

4 - 5 b 

43 2+1.2 

6.77 

T.II 

0.221 ±0.165 

33 

Ila 

d 

28° 

43.4+0 6 

5*72 

26.2 4 0 3 

3-31 

1.66 

0 192+0.092 

no 


9 

28° 

27 . 7 io .3 

3«36 

22.8±0 3 

2.90 

1.22 

o- 455 :i:o>o 72 

122 

Ilia 

d 

28° 

44.4 ± 0.8 

6.38 

27.8 + 0.5 

3 80 

1.60 

0.391+0 106 

64 


9 

28° 

28.5±0 5 

3 01 

23 8+0 5 

3.01 

I 20 

—0.190 + 0 145 

44 

lllh 

d 

28° 

41 4io 6 

4-50 

26.1 + 0.3 

2.40 

I -.59 

0 200 + 0.133 

52 


9 

28° 

29 6 ±o 6 

3 79 

23.2 + 0.5 

3.08 

1 28 

0.250 + 0.154 

37 

IIIc 

cf 

28° 

42 4 ±o 8 

5 74 

26 4 + 0.4 

2 67 

1.61 

0.190 + 0. T30 

55 


9 

28° 

29 9 ±o 5 

3.08 

23.0 + 0.5 

3-17 

1 30 

0.251+0.159 

35 

Illd 

d 

28° 

41.2±o.9 

5 87 

25 3±o.4 

2.70 

I b3 

0.156 + 0.143 

46 


9 

28° 

30.3+0.6 

312 

22 4±o.5 

2.74 

1-35 

0.252 + 0.184 

26 

Ille 

d 

28° 

45-2±i.o 

6 92 

26.5 + 0.5 

3-48 

1.71 

0.350 + 0.125 

49 


9 

28° 

30.4±o.7 

4.02 

23 3 ±o .5 

2.87 

1.30 

—0.048+0.166 

36 

Illf 

d 

28° 

43-6±io 

5-54 

25 9 + 0.6 

2.98 

1.68 

0.082 +0.187 

28 


9 

28° 

30,6 ±0.8 

3.88 

23 0 + 0.5 

2.63 

1-33 

0.141 +0.192 

26 

Illg 

d 

28° 

43-4±o.9 

6.10 

26.7 + 0.5 

3.20 

1.63 

0.512+0.J04 

SO 


9 

28° 

32.8±o.7 

372 

25.0 + 0.8 

4.52 

I- 3 I 

0.276+0.168 

30 

Illh 

d 

28° 

41.0 + 0.8 

5-14 

24.7 + 0.4 

2.58 

1.66 

0.114 + 0.147 

45 


9 

28° 

30.8±o.6 

370 

22.5+0.5 

3.18 

1-37 

—0.189 + 0.163 

35 

Illi 

d 

28° 

46.o±o.9 

4.26 

25.6 + 0.7 

3-14 

1.80 

0.107+0.206 

23 


9 

28° 

3I.6±o.6 

2.50 

22.8 + 0.5 

2.20 

1-39 

0.115+0.233 

18 

la 

d 

2$° 

42*7±o.7 

S- 7 I 

27.6+0.5 

3-54 

1-55 

0.314+0.108 

58 


9 

28° 

29.o±o.6 

3.00 

24.0 + 0.6 

2.90 

T .2T 

0.188+0.182 

28 
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table 2, and are arranged in the same manner as table i. Only two tem¬ 
peratures are represented in the various experiments. Although data at 
other temperatures are desirable, these data in themselves clearly bring 
out certain features of the facet relations in dorsal and ventral lobes. In 
so far as duplication of means is concerned the experiments are entirely 
satisfactory with the exception of experiment lib at 22°. The scattering 
in values of D and V at 28° does not appear to be significant statistically 
although there is a slight trend when the male and female values for dif¬ 
ferent experiments are compared. This indicates some slight variation in 
experimental conditions from one experiment to another, too small to be 
detected in the sampling errors of the means in populations of this size. 

The values of D/V differ for the sexes, although they appear to be rela¬ 
tively constant for the two temperatures in the males. There is some indi¬ 
cation that D/V is lower at 22° than at 28° for the females. The correla¬ 
tion between lobes is, in general, small and in most individual experiments 
not statistically significant. Viewing the data as a whole there is no doubt 
that a small but significant positive correlation between lobes exists. The 
basis for this correlation may rest upon some residual genetic variability, 
upon some inadequately controlled environmental variable, or finally 
upon some sort of developmental interdependence between the two lobes. 
If development of facets is independent in the two lobes, then in a geneti¬ 
cally homogeneous stock raised under uniform environmental conditions 
the correlation between lobes should be o. In this event, the presence or 
absence of a significant correlation may be used as a test for the uni¬ 
formity of all factors which determine facet number in any experiment. 

An experiment was designed to test the degree to which genetic hetero¬ 
geneity in stock B might account for the observed correlation between 
lobes. A parent-offspring correlation for facet number was carried out at 
28°. In both the parents and the offspring separate records of dorsal and 
ventral lobes in left and right eyes were kept. Table 3 contains the data 
on the parent-offspring, left-right, and dorso-ventral correlations in stock 
B. The slight discrepancy in numbers of individuals on which each correla¬ 
tion coefficient is based is due to the previously mentioned fact that clear 
discrimination of lobes is not always possible,^ coupled with the fact that 
in some cases one or the other eye cannot be counted due to mechanical 
injuries of one sort or another. 

The values of r for parent-offspring and for dorso-ventral lobes are 
very similar in both males and females. The small differences which appear 
are probably sampling errors. The left-right correlations, on the other 
hand, are much larger and differ significantly from the other correlation 
coemdents. This latter fact confirms my vipw that in Bar some form of 
devdopmental dependence exists between tte two eyes (Margolis 1935)* 
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Since the parent-offspring correlation serves as a quantitative measure of 
the degree of genetic heterogeneity in a population, one may conclude 
that in this experiment genetic heterogeneity, in itself, is sufficient to ac¬ 
count for the observed correlation between dorsal and ventral lobes. 
Environmental variations, if present, will increase the correlation. The 
same is true for any sort of developmental interdependence, as demon¬ 
strated by the left-right correlations. 

The fact that residual genetic heterogeneity adequately accounts for 
the dorso-ventral correlation is further supported by the values of r at 
28° in table 2. The great majority of these values in both sexes closely 
approximate the values of the parent-offspring correlations in table 3. 
The few exceptions which show high positive correlation may be due to 
some inadequately controlled environmental variable which escaped atten¬ 
tion during the experiments. 

Table 3 

Parent-offspring, left-right, and dorso-ventral correlations in stock B 
taken from the same set of data. 

MALES 

r(parent-offspring)=o. 188 + 0.060; n = 256 
r(left-right) *=0.483 ±0.050; 11*235 

r(dorso-ventral) *0.273±0.061; n**228 

FEMALES 

r(parent-ofTspring) * o. 246 ± o. 069; n * 182 
r(left-right) =o.56o±o.o56; n*i50 
r(dorso-ventral) *0.196 ±0.074; 11*170 


Attention has already been directed to those cases in table i where a 
significant difference in r between males and females is observed. A few 
similar cases are present in table 2. It is perhaps noteworthy that, with a 
single exception (table 2, exp. Ila), wherever a large difference in r exists, 
the males show the higher value. Formally, at least, this fact can be ex¬ 
plained by assuming the presence of sex-linked recessive modifiers of 
facet number which are not uniformly distributed in the population. The 
presence of sex-linked modifiers of Bar is known from the experiments of 
Hersh (1929). Such modifiers would affect the facet number in the males, 
but might be masked in the females through the effects of more uniformly 
distributed dominant alleles. An alternative explanation in terms of dif¬ 
ferential effects of environmental variables on the two sexes is tenable but 
appears less probable. 

The systematic trend in r for stock A (table i) is interesting in the light 
of the explanation offered here for the correlation observed between lobes. 
One should expect to find the values of r scattering about some central 
value representative of the parent-offspring correlation, if the interpreta- 
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tion given for stock B applies equally to stock A. The parent-offspring 
correlation for stock A at 28° was found to be 0.17 ±0.067 for the males, 
and 0.2510.065 for the females. At 28°, with the exception of males in 
experiment II, the values of r do not depart widely from the values for 
the parent-offspring correlation. It is obvious that at all temperatures be¬ 
low 28° the values of r are much higher than one is led to expect from the 
parent-offspring correlation. This raises an important question as to 
whether a routine determination of a parent-offspring correlation with re¬ 
ference to any quantitative character under a single set of conditions, for 
example a single temperature, is sufficient for establishing the degree of 
uniformity of genetic factors affecting that character. From our knowledge 
of the effects of environmental agencies on development in general, it ap¬ 
pears probable that parent-offspring correlations will differ under different 
sets of conditions. An experimental investigation of this point is highly 
desirable and will be undertaken. The trend in r with temperature in table 
I may be due to the presence of eye modifiers not uniformly distributed in 
the population. The effects of these modifiers may be progressively ob¬ 
scured as temperature increases, through the more efficient operation of 
processes initiated by other genes which are more uniformly distributed. 
This explanation is, of course, purely formal but can be tested by investi¬ 
gating the parent-offspring and dorso-ventral correlations over a range of 
temperatures. 

THEORETICAL 

Hersh (1928) has investigated the inter-lobe correlation for a number 
of combinations of B, BB, and wild type over a range of temperatures. For 
comparison with my own results the data on B are most relevant. The cor¬ 
relation between lobes is moderately high at most temperatures and shows 
no systematic trend with temperature. The stock used in those experiments 
is the low selected forked Bar stock, obtained from Zeleny in 1921, and 
used by Hersh in other investigations (Hersh 1924 and 1927). No meas¬ 
ure of genetic uniformity in the stock is available since no parent-offspring 
correlation is given. In view of the rigorous selection for low facet number 
in this stock, a high degree of uniformity may be assumed. However, a 
comparison of the facet temperature relation in 1924 with that in 1927 
(compare table 3, Hersh 1927 with table i, Hersh 1924) indicates that 
some germinal modification had taken place during the years following 
selection and inbreeding. This is indicated by the relatively higher count 
at all comparable temperatures in 1927.1 have found in my own stocks a 
marked tendency toward accumulation of high modifiers following close 
inbreeding for many generations. This progressively accumulated genetic 
diversification is, perhaps, sufficient to account for the inter-lobe correla¬ 
tion. 
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Moreover, the use of a 3 to 4 day egg-laying period introduces an en¬ 
vironmental variable which operates differentially on the flies in any one 
culture. Those flies developing from the early laid eggs are exposed to 
optimum conditions, whereas the flies from later eggs show effects of pro¬ 
gressive depletion of food supply as evidenced by a decrease in facet 
number and general body size (Luce 1931, Margolis 1935). Data to be 
published elsewhere demonstrate clearly that poor culture conditions in¬ 
crease the inter-lobe correlations. Pearl (1906) observed a small but 
similar increase in size correlations in Chilomonas due to poor culture 
conditions. It is, of course, impossible to establish the degree to which the 
various factors mentioned contribute to the inter-lobe correlations ob¬ 
served, unless the genetic and environmental factors are controlled sepa¬ 
rately. 

An interesting point of difference in Hersii’s 1928 data and my own, is 
in the relation of the facet ratio between lobes (D/V) to temperature. 
As illustrated in table i for stock A, D/V is constant for all temperatures, 
for both sexes. Hersh, on the other hand, finds that when log D is plotted 
against log V for each temperature a straight line is obtained. This, of 
log D 

course, means that ; -rr is constant over the range of temperatures. 

log V 

From this fact Hersh concludes that the rate of form.ation of facets in 
the dorsal and ventral lobes is logarithmic in character. This analysis, 
however, tells us nothing concerning the rate of formation of facets in 
the individual under any specified set of conditions, but gives us the rela¬ 
tion of facet number to temperature for dorsal and ventral lobes, respec¬ 
tively. This can be illustrated more clearly in the following manner. Hersh 
(1930) has shown that the facet-temperature relation for various com¬ 
binations in the Bar series is exponential in character, conforming to the 
expression 

y = ae'^^ 

where y is the number of facets, t the temperature, a and r constants, and 
e the base of the system of natural logarithms. This expression gives an 
excellent fit to the data. If now, both the dorsal and ventral lobes are 
exponential functions of temperature such that 

D^ae*^^ (i) 

V = aV^ (2) 

then solving (i) and (2) in terms of t and eliminating t and e from the 
equations, D is related to V as a power function of the form 

y = bx'' (3) 

where y « D, x » V, and b and k can be evaluated in terms of the constants 
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a, aS r, and r‘ in equations (i) and (2). This is, in fact, implicit in plotting 
log D against log V for different temperatures as carried out by Hersh. 
In plotting the data as indicated above it is temperature and not time 
which is implicit, so that no growth relation may be assumed. 


Since, in my own data (table i), it is — rather than which is 

constant, some explanation for the difference is desirable. Considering 
again equations (i) and (2), in the special case where the constants r and 
r* are equal, the constant k in equation (3) which is equal to r/r'- becomes 
equal to i so that the relation between D and V over the temperature 
range is rectilinear. It appears then that D and V in both Hersh’s and my 
own data are related to temperature in the same manner but that Hersh’s 
results conform to the more general relation of which my own represent 
a special case, for example when r and r‘ are equal. 

In a further investigation of the facet relations in the dorsal and ventral 
lobes, Hersh (1931) has fitted the relative growth function to data on a 
series of Bar stocks differing from each other in respect to various mutant 
markers in different regions of the X chromosome. The experiment was 
conducted at 25° C. In applying the relative growth function to these data, 
Hersh points out that there is the assumption that increasing facet num¬ 
bers in the two lobes represent progressive growth levels. Fifteen stocks 
were tested, some giving an excellent fit to the calculated curves, others a 
questionable fit, and still others rather wide departures. This statement is 
based merely on visual inspection of the curves rather than on any tests 
of goodness of fit. 

The manner in which the facet numbers in dorsal and ventral lobes 


log I> 


V log V 


which is 


were calculated requires some consideration. In making these calculations 
for any one series, the facet data were seriated on the basis of total facet 
number instead of treating facet number in dorsal and ventral lobes as 
independent variates. The latter procedure is the one used in determining 
regression, and involves no assumptions concerning the relations of the 
variates. In his 1928 paper Hersh states that regression for those data 
was sensibly linear. If regression is likewise linear for the 1931 data, it is 
clear that the relative growth function cannot satisfactorily be fitted to 
data seriated with reference to either dorsal or ventral lobes treated as 


independent variates. It is of some interest, then, to determine the conse¬ 
quences of seriation of data on the basis of total eye size. Expressed in 
general terms the problem may be stated as follows: given two variables, 
D and V, such that D-1-V = T, assuming normal distributions for D and V, 
respectively, and o correlation, what will be the relation between D and V 
calculated from data seriated with reference to T? 

This problem was attacked by building Up a series of theoretically con- 
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structed correlation tables for D and V using the normal distribution, 
and assuming 0 correlation. Different relative magnitudes of the standard 
deviations and means were used for the two distributions. Analysis of 
these tables showed that for data seriated with reference to T there is a 
well defined relation between D and V despite the absence of any correla¬ 
tion. When the standard deviations for D and V differ, the relation is 
sigmoid; when the standard deviations arc equal, the relation is recti¬ 
linear. The values of the means, however, do not affect the form of the 
relation. 

It was of further interest to test the application of these conclusions to a 
set of data which approximated the conditions specified in the analysis, 
namely, normality of distribution of the variates and 0 correlation. For 
this purpose the data on facet number for the females of stock B, from 
experiments Ilia, IIIc, Illd, Ille, Illf, Illh, and Illi, were used (table 2). 
The data from the different experiments were then grouped together and 
biometric constants for dorsal and ventral lobes calculated. The values 
for the constants are as follows: 

D =30.10 ±0.237; 0-0 = 3.484 
V = 23.08 ±0.197; 0-K = 2.900 
r= —0.0092 ±0.0680 

N = 2I5 

The data were then seriated with reference to total eye size and values of 
D and V calculated for each class. These values of D and V are plotted in 
figure I, and are represented by open circles. The solid circles in figure i 
represent the values of D and V calculated from the same data, but seri¬ 
ated with reference to D. The latter represents graphically the regression 
of V on D calculated in the usual way. The curve in figure i represents a 
theoretially calculated curve using the means and standard deviations of 
dorsal and ventral lobes respectively and assuming normality of distribu¬ 
tion of the variates as well as o correlation. The horizontal line represents 
the theoretical regression of V on D. The sigmoid character of the curve 
calculated from data seriated with respect to total facet number is clearly 
apparent. Were it not obvious that this is a consequence of the mathe¬ 
matical treatment of the data, one might be led to assume some func¬ 
tional relation between facet numbers in the two lobes. The absence of 
any such relation is, however, clearly indicated by the analysis of the data 
seriated with reference to either dorsal or ventral lobes, and by the absence 
of correlation between lobes. Considering the nature of the assumptions 
involved in the calculation of the theoretical curve, a remarkably good fit 
is obtained. The first point, for example, is based on only one indi-vidual. 
The whole question of the form of distribution of facet number in Bar will 
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be treated elsewhere, although the present data indicate an excellent ap¬ 
proximation to normality. 

One must conclude, at least for the data at 28°, that facet number in 
Bar is independently determined in the two lobes. The factors which lead 



Figure i. Ordinates—ventral facet number; abscissae—dorsal facet number. Solid circles 
represent data seriated with reference to facet number in dorsal lobe. Open circles represent data 
seriated with reference to total facet number. See text for calculation of curves. 


to the impression of some degree of interdependence as evidenced by cor¬ 
relation between lobes have already been discussed at some length but 
may be summarized briefly. 

1, Genetic heterogeneity in the population leads to a correlation be¬ 
tween lobes since, although the lobes may vary independently of feach 
other, the two lobes are covariant with respect to the genotype. 

2. Environmental fluctuation operates in a similar manner. Facet num- 



FACET NUMBERS IN BAR-EYED DROSOPHILA 829 

ber in either lobe varies with such factors as temperature, culture condi¬ 
tions, etc., so that variability in any one of these factors leads to con¬ 
comitant variation in both lobes, in this way bringing about a correlation 
between lobes. 

If this interpretation of the facet relations in the two lobes is correct, 
then we have a very simple method for testing the uniformity of both 
genetic and environmental factors in any experiment. Zero correlation 
should indicate uniformity of all factors affecting facet number. In this 
respect, the determination of inter-lobe correlations serves the same 
purpose as the left-right correlations for bristle number as used by Plun¬ 
kett (1926) and subsequently by Child (1935). In the case of facet num¬ 
ber, the left-right correlations are misleading since my data indicate some 
degree of developmental interdependence. 

The question arises concerning the factors determining the lobing of the 
eye. Dietrich (1907) has called attention to the fact that lobing is by 
no means uncommon among the Diptera. Moreover, this lobing is some 
times accompanied by differences in size of facets as well as histological 
pattern of the ommatidia in the two lobes. These facts are of interest since 
in Drosophila, superficially at least, there is no indication of lobing in the 
wild type eye, so that the Bar gene would seem to have introduced the 
lobing effect as a new feature. Recent unpublished observations of C. W. 
Robertson of this laboratory, however, indicate that the ommatidia of 
the wild type eye are divisible histologically into two groups based upon 
the arrangement of the retinulae cells within each group. It appears then 
that the lobing in Bar is foreshadowed in the wild type, although the latter 
gives no superficial indication of this fact. 

The apparent independence of facet number in the two lobes may be 
explained by at least two simple hypiotheses. (i) The facet number in each 
lobe may be determined in a separate center. (2) Facet number may be 
determined as a whole, but an independent set of factors may operate to 
determine the lobing. If the factors determining the lobing operate inde¬ 
pendently of those determining facet number, then no correlation between 
lobes is to be expected. There appears at present to be no way of distin¬ 
guishing definitely between these possibilities. 

The observations and analysis of data on dorsal and ventral lobes of the 
eye in Bar-eyed Drosophila presented here show definitely that a number 
of factors may operate to produce an apparent relation between facet 
numbers in the two lobes where, in fact, no demonstrable functional rela¬ 
tion exists. It is impossible to specify the manner in which each of these 
factors' affects the end result, without experiments directed specifically 
toward that end. It is, however, clear that these factors should be evaluated 
in any analysis of the problem. 
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SUMMARY 

Data on facet number in the dorsal and ventral lobes of the compound 
eye of Bar-eyed Drosophila are presented. Two unrelated but approxi¬ 
mately genetically homogeneous stocks were used in the experiments. In 
stock A, the value of the correlation between lobes increases with decrease 
in temperature. This is interpreted as due to some residual genetic hetero¬ 
geneity. In stock B, a series of experiments at 28°C indicate that the dorso- 
ventral correlation is of the same magnitude as the parent-offspring 
correlation for the stock. It is concluded that genetic heterogeneity is 
adequate to account for the correlations observed. Variability in environ¬ 
mental agencies such as temperature and culture conditions also con¬ 
tribute to an increase in correlation between lobes. If these conclusions 
apply equally to all Bar stocks then the degree of correlation between 
lobes serves as a measure of uniformity of all factors, both genetic and 
environmental, which affect facet number. 

An analysis on the effects of different methods of seriation of the data 
is presented. It is demonstrated that seriation of the facet data on the 
basis of total eye size leads to the impression of a functional relation be¬ 
tween dorsal and ventral lobes where, in fact, no demonstrable relation 
exists, as evidenced by complete absence of regression or correlation. 
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I NTERSPECIFIC hybrids may be equal or superior to their parents in 
somatic vigor and, at the same time, show disturbances in the gonads 
of such a nature that no functional gametes are produced. This antithesis 
between the general vigor on one hand and the degeneration of the repro¬ 
ductive tissues on the other constitutes an interesting developmental prob¬ 
lem. In previous papers of this series (Dobzhansky 1934,1936) it has been 
pointed out that there are two tjrpes of hybrid sterility, the “chromo¬ 
somal” type in which meiosis is abnormal because of the structural non- 
correspondence of the two parental sets of chromosomes, and the “genic” 
type in which sterility is caused by interactions of complementary genes 
contributed by both parents. In the chromosomal type the phenomenon 
of sterility is an intracellular one. In the case of genic sterility, on the 
other hand, it is possible, a priori, that intercellular influences are in¬ 
volved. One might suppose, for example, that there are diffusible sub¬ 
stances, not characteristic of the parental species, produced in the hybrid, 
and that such substances have specific effects on the reproductive system. 
The work of Irwin and C01.E (1936 a, b, c) on hybrids of doves and pigeons 
has in fact demonstrated, by means of immunogenetic reactions, the exist¬ 
ence in the erythrocytes of such “hybrid” substances, that is, of specific 
substances present in the hybrid but absent in the parents. Of course, the 
hypothesis of the intercellular causation of sterility does not necessarily 
involve the assumption of specific hybrid substances. The fate of a gonad 
may be determined by the general metabolism (in the broad sense of the 
term) of the body containing it. 

Transplantation of hybrid gonads to the parental forms, and vice versa, 
provides a direct method for testing the above hypothesis. By means of 
appropriate transplants, it is possible to determine whether hybrid ste¬ 
rility, in a particular case, is determined by the constitution of the gonad 
itself (autonomous development), or whether the genetic epnstitution of 
the surrounding tissues is a contributing factor (dependent development). 
Races A and B of Drosophila pseudoobscura provide favorable material 
for such studies. The Fi males from interracial crosses are fully viable and 
vigorous, but show profound and characteristic disturbances in their 
spermatogenesis and are completely sterile. Except for the testes, the re¬ 
productive system appears to be quite normal. 
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MATERIAL AND METHODS 

The technique of transplantation developed by Ephrussi and Beadle 
(i 935 ) ^1936) for Drosophila has been used successfully by these workers 
for transplanting larval testes of D. melanogaster (unpublished). In case of 
D. pseudoobscura special thin-walled large-bore micro-pipettes were em¬ 
ployed, but otherwise the technique was essentially the same as described 
for D. melanogaster. Larval testes must be handled with a good deal of care 
to avoid rupturing the delicate external membrane. Unless otherwise 
stated, the transplantations described below were made with larvae ap¬ 
proaching the prepupal stage. 

Four strains of D. pseudoobscura were used: wild type strains Zuni-5 
(race A, strong), and Seattle-6 (race B, moderately weak), and mutant 
strains eosin magenta short (race A, rather strong), and scutellar dela 
(race B, intermediate). The two latter strains carry mutant genes affect¬ 
ing the eye color as well as that of the testicular envelope. The experi¬ 
ments were so arranged that it was jxissible to distinguish the implant 
from the testes of the host by color. Testis color in these experiments 
proved to develop autonomously, although non-autonomous development 
of this character has been observed in D. simulans (Dobzhansky 1931). 

Eggs were collected over 24 hour periods at room temperature (about 
22°C), then allowed to develop and hatch at 25°. Approximately 48 hours 
after collection, larvae were transferred to culture dishes and, from that 
time until transplantations were made, were grown at 19°. Larvae on 
which operations had been made were allowed to develop to maturity at 
25°. In many cases, it was necessary to provide food after the operations; 
this was done by adding to the vial a small piece of standard food seeded 
with yeast. 

The implanted testes, and in some cases those of the host, were fixed 
and stained in aceto-carmine, and smear preparations made. Spermato¬ 
genesis in normal and hybrid males has been described previously 
(Dobzhansky 1934). The difference in spermatogenesis between hybrid 
and normal males is characteristic enough, so that relatively slight modi¬ 
fications of either are readily detectable. In the hybrids the chromosomal 
pairing at meiosis is more or less suppressed, no second spermatocytes are 
formed, and the spermatids undergo a characteristically abnormal develop¬ 
ment. All of these abnormalities were looked for in preparations of the im¬ 
planted testes and in the testes of the host, especial attention being paid 
to chromosome pairing at diakinesis and metaphase of the first meiotic 
division, since the process of pairing is known to be sensitive to external 
agents (Bakes 1936, Bauer, unpublished). 
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DEVELOPMENT OF IMPLANTED TESTES 

Among 146 individuals in which testes were implanted in the larval 
stage, 22.8 per cent contained no implant when dissected, presumably be¬ 
cause of loss or injury to the testis during the process of injection. Among 
those flies in which the implant had developed 61.1 per cent had the im¬ 
plant lying in the body cavity not connected with the reproductive organs 
of the host except by tracheal branches, 27.3 per cent had the implanted 
testis attached to one of the two vasa efferentia and one of the host’s 
testes free in the body cavity, and in 11.5 per cent both the implant and 
one of the host’s testes were attached to the same vas efferens (fig. 1). 



Figure i. —The internal reproductive organs of eosin magenta males with A 9 XHcT hybrid 
testes implanted in them. The implanted testes are in this case red (stippled in the figure), and 
those of the host pale yellow (white in the figure). Left—both host’s testes attached to the vasa 
efferentia, the implanted testis free. Middle—the implant attached, one of the host’s testes free. 
Right—implanted and host testes attached to the same vas efferens. 


The connection established between the implanted testis and the vas effer¬ 
ens of the host may become functional, as shown by the fact that the 
sperm from the implant may be used in fertilization (see below). When two 
testes are attached to the same vas efferens it is not known whether the 
connection is functional for both of them. The data indicate that race A 
testes implanted in race B hosts become attached to the ducts of the host 
more frequently than race B testes in race A hosts; however the numbers 
of individuals are so small that this conclusion cannot be established with 
certainty. In the hybrids in which the testes of the host are small and the 
implanted testis of one of the pure races is much larger, no tendency is 
observed for the implant to be attached in preference to the host’s testes. 

In a control experiment testes of eosin magenta short (race A) were im- 
{flaptM in 2;uni-5 (race A) larvae. Spetmatogenesb in the implanted testes. 
w»s ^und to be normal, showing that the process of transplantation as 
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such does not affect the normal development of the testis. During the 
entire study preparations of testes found lying free in the body cavity were 
kept separate from those of testes attached to the ducts; no difference 
was found in spermatogenesis in these two classes. Furthermore, in some 
cases testes were implanted into female hosts. A testis which develops in 
a female body is somewhat smaller in size than one which develops in a 
male. A similar observation was made in the case of certain types of 
gynandromorphs in D. simulans (Dobzhansky 1931). In case of attach¬ 
ment to a female duct no study of spermatogenesis was made, but no 
abnormalities in spermatogenesis were detected where the testis was not 
attached to an oviduct. 

TRANSPLANTS BETWEEN RACES 

Nine Zuni (race A) males with dela (B) testis implants, and seven 
cosin magenta (A) males with Seattle (B) implants were studied cytologi- 
cally. Spermatogenesis was found to be quite normal in all stages. In 215 
first spermatocytes, the normal number of bivalents, namely four, was 
observed. I), pseudoohscura has five pairs of chromosomes, but the fifth 
pair is so small that the bivalent formed by it is not usually seen at the 
meiotic stages. In one cell the X and Y chromsomes were unpaired, but 
such failure of pairing is occasionally observed in normal testes (Darling¬ 
ton 1934). In the testes of the host spermatogenesis was observed to be 
normal. In 85 first spermatocytes, four bivalents were observed in each, 
and in one cell there were three bivalents and two univalents (X and Y 
chromosomes). One cyst of tetraploid spermatocytes was found. Six dela 
(B) males with Zuni (A) implanted testes also show’ed normal spermato¬ 
genesis in both the host and the implant. Four bivalents were seen in 99 
first spermatocytes in the implanted testes and in 29 spermatocytes in the 
host. 

In order to demonstrate that spermatogenesis is not only visibly normal 
but also leads to the production of functional sperm, eosin magenta males 
with Seattle implants were crossed to eosin magenta females. Nine out of 
ten such crosses produced offspring, which in six cases consisted of eosin 
magenta individuals only, and in three cases of eosin magenta as well as 
wild type individuals. Clearly, in the six former only the testes of the host* 
and in the three latter both the host’s and the implanted testes functioned. 
Dela males with Zuni testes implanted were crossed to dela females; one 
out of four cultures produced only dela flies, and the remaining three both 
dela and wild type ffies. The cases where no offspring were produced from 
the implanted testes are presumably those in which the implanted testis 
did not become attached to the vasa efferentia. The conclusion is justified 
that a race A testis developing in a race B body neither loses its ability to 
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function nor produces any disturbance in the testes of the host. The same 
is true for race B testes implanted in race A. 

IMPLANTS PROM PURE RACES TO HYBRIDS 

Four experiments of this type were made: (i) eosin magenta A testes 
were implanted into Zuni A 9 X Seattle BcT hybrids, (2) dela B into Zuni 
A 9 XSeattle Be?, (3) eosin magenta A into Seattle B 9 XZuni Ac?, and 
(4) dela B into Seattle B 9 XZuni Ac?. In race B 9 Xrace Ac? hybrid 
males, the testes are visibly smaller than in either pure race or in A 9 XB c? 
hybrids. Therefore, in the third and fourth experiments the implanted 
testes proved to be much larger than those of the hosts, while in the first 
and second experiments the implants were of the same or of slightly 
smaller size than those of the hosts. The implanted testes were studied 
cytologically and all stages of spermatogenesis proved to be normal. In the 
first experiment ten testes were examined and 54 first spermatocytes with 
four bivalents in each were seen; in the second experiment eight testes were 
examined and 68 spermatocytes with four and i with three bivalents 
(X and Y unpaired) found; in the third experiment five testes were exam¬ 
ined and 76 cells with four bivalents found; in the fourth experiment eight 
testes were examined and 49 cells with four and 2 cells with three bivalents 
seen (X and Y chromosomes unpaired in one cell and an autosome un¬ 
paired in another). 

About 12 males from each experiment were crossed to females ho¬ 
mozygous for the recessive genes carried by the implanted testes. Since 
the hybrid males are normally sterile, the production of offspring from 
these matings would mean either that the implanted testes are able to 
function or that the presence of the implant induces fertility in the testes 
of the host. The presence of mutant genes as markers enables one to dis¬ 
criminate between these possibilities. Two males from each of the first, 
third and fourth experiments proved to be fertile, and the offspring showed 
that the sperm must have come from the implanted testes. We can con¬ 
clude: (i) that the functioning of the testes of the pure races is not inter¬ 
fered with when they develop in the body of a hybrid, (2) that the testes 
of a hybrid host do not become fertile in the presence of a normally de¬ 
veloped implant, and (3) that the ducts of the reproductive system in the 
hybrid males are normal and potentially functional. 

IMPLANTS PSQM HYBRIDS TO PURE RACES 

Four experiments were made in which testes from hybrid males were 
implanted in males of pure races: testes of Seattle B 9 XZuni Ac? hybrids 
in (i) eosin magenta A males and (2) dela B males, and testes of Zuni 
A 9 XSeattle Be? hybrids in (3) eosin magenta and (4) deia males. In all 
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cases autonomous development of the implant was observed. The B 9 
XAcf hybrid testes were small, and those of the A 9 XBd' hybrids were 
about equal in size to testes of the pure race hosts. In the first, second and 
fourth experiments seven implants were studied cytologically; in the third 
experiment three testes were studied. Spermatogenesis was found to be 
similar to that normally observed in hybrid testes; disturbance or com¬ 
plete lack of meiotic pairing, absence of second spermatocytes, degenera¬ 
tion of the spermatids, and other characteristic abnormalities. Four testes 
of the hosts were also examined, and found to contain normal stages of 
spermatogenesis. Five males from the first experiment were tested for 
fertility, and all proved to be fertile. It follows that the presence of a 
hybrid testis in the body of a normal male induces no change either in the 
implant or in the host. 

TRANSPLANTATION AT EARLIER STAGES 

In the experiments described above, both the donors and the hosts were 
nearly mature larvae (since the results were uniform, data regarding the 
precise ages of larvae in each individual experiment have been omitted). 
We have seen that under these conditions the development of the im¬ 
planted as well as of the host testes is autonomous. It follows that in the 
mature larvae the fate of the testis is already determined, in the sense that 
its transplantation into the body of a foreign race does not produce any 
effect on spermatogenesis. The possibility remains however that if the 
transplantations were made at an earlier stage the results would be differ¬ 
ent. As an analogy, the findings of Baker (1935) may be mentioned here. 
Baker has shown that there is a sensitive period for the influence of high 
temperature on the testes of D. pseudoobscura, and that this sensitive 
period lies in the prepupal stage, that is, precisely the stage at which the 
majority of our transplantation experiments were made. 

In the following two experiments the donor and the host larvae were 
much younger than in those experiments reported above, namely three 
days before pupation, which corresponds to the end of the second or the 
beginning of the third larval instars. After the operations were made, the 
larvae were given food sufficient to cover the period to pupation. The ex¬ 
periments were: (1) implants of Zuni A and (2) of Seattle B testes in dela 
B 9 XZuni Acf hybrid larvae. Cytological examinations were made on 
five testes from the first experiment and on seven testes from the second. 
All stages of spermatogenesis were found to be normal: 72 spermatocytes 
in the first and 64 in the second experiment were found to contain four 
bivalents each; one testis from the first experiment contained a cyst of 
tetrapbid cells, and in another testis a spermatocyte with only three bi¬ 
valents (X and y unpaired) was found. 
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About a dozen males from each of the two experiments were tested for 
fertility by crossing them to eosin magenta and to dela females respec¬ 
tively. Three males from the first, and none from the second experiment 
proved fertile. This low frequency of fertile males is due to the fact (as¬ 
certained by dissection) that in the large majority of males the implanted 
testis was not attached to the vasa efferentia. 

DISCUSSION 

Only few transplantation studies have been made which bear on the 
question of hybrid sterility in other insects. Bytinski-Salz (1933) trans¬ 
planted the ovaries of the pupae of the hybrid Celerio euphorbiae 9 XC. 
galliid' into pupae of the parental species. Normally the ovaries of the 
donor do not develop to maturity, since the hybrid does not survive the 
pupal stage; but the transplants were observed to grow and to form nearly 
mature eggs. It remains unclear whether in these experiments a trans¬ 
formation of a sterile gonad into a fertile one is involved, or (which seems 
vastly more probable) merely a survival of an organ which would normally 
die together with the organism containing it. Ephrussi and Beadle 
(1935) transplanted the ovaries of Drosophila simulans to D. melanogaskr, 
and found that the implant produces functional ova (the hybrid between 
these two species is completely sterile). Thus, the development of the 
ovary of one species in the body of another does not lead to a condition 
resembling hybridity. Ephrussi and Monod (unpublished) transplanted 
the ovaries of D. melanogaster into melanogaslerX simulans hybrid larvae. 
The resulting adult flies have three ovaries; two ovaries of the host are 
rudimentary (as they normally are in the hybrid), while in the implanted 
ovary apparently normal ova are present. The conclusion is that the ovary 
of melanogaster is not affected by development in the hybrid organism. 

The data presented in the present paper are consistent throughout. The 
testes of one pure race develop normally in the body of the other race and 
in the hybrids, and the hybrid testes develop autonomously in the body 
of either race. Cytological investigation shows that there is no detectable 
influence of the host on the implant. Pure race testes produce functional 
sperm in the hybrid body, and the hybrid testes never develop fertility 
when implanted into the pure races. The development of the testes is 
autonomous, “herkunftsgemass” and not “ortsgemass.” It follows that 
the condition of the gonad is determined by the genetic structure of the 
cells within the gonad and not hy interactions between the gonad and in¬ 
fluences emanating from other parts of the body. The only escape from 
this conclusion is to suppose that in our experiments the transplantations 
were made after the period during which the gonad may be sensitive to 
the influences of other parts of the body hai passed. Such a supposition 
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has little chance to be correct, not only because some of the experiments 
were made in rather young larvae, but also because in D, pseudoobscura 
the proliferation of the primary spermatogonia continues during the whole 
of the pupal and large part of the adult life. At the stage at which the 
transplants were made the gonads contain mainly spermatogonia and a 
few spermatocytes. In other species of Drosophila, notably in melanogaster 
and simulanSy the situation is different in this respect. 

The phenomenon of sterility in the interracial hybrids in D, pseudo¬ 
obscura must be intragonadal in nature. It would seem that only those 
external influences can modify the behavior of the sex cells which can 
act directly on the gonads. No “somatic induction” is likely to occur. 
This consideration is of Importance for planning experiments which have 
to do with the physiology of sterility. It may be noted here that in cases 
where the sterility is of the chromosomal type (Dobzhansky 1934, 1936) 
the phenomenon is almost of necessity an intracellular one; but where 
genic sterility is concerned both intra- and intercellular causations are a 
priori equally possible. Hence, the results of this investigation of Z>. 
pseudoobscura cannot be generalized further. It should also be noted that 
transplantation of gonads between species may be expected on a priori 
grounds to produce in some cases a suppression of the implants. Such a 
suppression may not mean however that a condition resembling hybrid 
sterility is induced, unless it is demonstrated that cytological abnormalities 
resembling those found in sterile hybrids are apparent. 

SUMMARY 

Larval testes of race A were implanted into race B larvae, and vice versa. 
Testes of AXB hybrids were implanted into the pure races, and pure race 
testes were implanted into hybrids. Study of spermatogenesis has shown 
that the development of the implanted testes as well as of those of the 
host is autonomous in all cases. It follows that in Drosophila pseudoobscura 
the structure of the gonad is determined by its own genetic constitution 
and not by the genetic constitution of the surrounding soma. 
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